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CHAPTER I. 

INTRODUCTORY. 

It is the province of geometers to discuss the nature of 
lines, surfaces, and solids, and to present the idea of space. 
When that has been done, we may further say that matter is 
anything which can fill a portion of space and is capable of 
influencing our senses. 

Definition : Force is any cause which moves, or tends 
to move, any portion of matter. 

In order to conceive the existence of a force we must 
also conceive that there is something upon which it can act, 
and accordingly we regard matter, not only as something 
which can be perceived by the senses, but also as anything 
which can be acted upon by, or can exert, force. 

Our ideas of matter and force coexist together. We 
shall soon leam to connect the idea of force with that of 
matter in motion, and shall further regard matter as the 
depository of force. 

When the tendency which force exerts to move a body 
is counteracted so that the body remains at rest, the force is 
commonly called a pressure. 

In the science of mechanics, as it\ oftvex scXexvcs&t owxaxcv 
facts of observation are first recorded •, tYvetv ax\se& *o\&fe cp&fe 
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who reasons upon a group of facts, and connects them to- 
gether by a natural law. 

When this law is once clearly seen and appreciated, the 
position so taken up is never lost, the law remains for the 
guidance and benefit of future generations, and year after 
year some new and useful application of it may be dis- 
covered. 

The law of universal gravitation, as it is termed, is an 
example of such a natural law, and was discovered and laid 
down by Newton. 

No truth in science can be deemed to rest upon a more 
sure foundation. The law may be stated in the most general 
terms, and is a rule without any exceptions. It is the 
following : 

Every particle of matter is endowed with a power of 
attracting or drawing towards itself every other particle, 
wherever situated; and, further, the attractive power of a 
particle at different distances diminishes in the same pro- 
portion as the square of the number expressing the distance 
increases. 

Such attractive power is inherent to matter, and can 
neither be given nor taken away, nor is there anything, which 
we can do, that will influence or modify it in the smallest 
degree. 

The attractive power residing in small bodies is so feeble 
that we do not perceive it. Moreover, it resides in the 
centre of a body or particle. Two lumps of sugar placed 
in contact on a table do not adhere or pull each other 
together. Also, the attraction emanates from their centres, 
which may be an inch apart, and the power is too small to 
be felt under these circumstances. 

But powder the sugar so as to bring the centres of attrac- 
tion very close together, and you can build up a wall with 
the dust by paper knives. The same thing is apparent 
with lead. Take two leaden bullets, cut a slice off each 
with a sharp penknife and press the clean-cut surfaces 
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strongly together, when the bullets will adhere from the 
holding action of the parts in contact. 

Every one is aware that matter exists in three forms, viz. 
as solids, liquids, and gases. 

It is extremely difficult to define a solid; nothing is 
gained by merely giving examples. Thus we say that a 
leaden ball is a solid, that a steel ball is a solid, that a ball 
of vulcanised india-rubber is a solid, yet each of them is 
quite unlike the others, and the question is, what is there 
common to all three which distinguishes them from some 
well-known liquid, such as water. 

In order to answer this question, put each ball in succes- 
sion between the parallel jaws of a vice, and compress it 
The lead will yield a little, but will afterwards support the 
pressure. The steel will scarcely yield at all. The india- 
rubber ball will lose its shape and bulge out at the sides, but 
will soon adapt itself to the pressure, and will support it 
without any external aid. 

Hence we distinguish solid bodies as those which can 
resist a change of shape in some degree, according to the 
following definition. 

Definition : Bodies which can support a longitudinal 
pressure, however small, without being supported by a lateral 
pressure, are called solid bodies. 

Thus, a pillar of iron is a solid body. It will sustain a 
great pressure from a weight resting on its top — that is, a 
pressure in the direction of its length, or a longitudinal 
pressure — without any lateral support along its sides. It is 
this property which makes it useful in building, and we often 
see iron pillars used for supporting overhanging galleries. 

As regard liquids, if we pour any liquid, such as water, 
into a tumbler, it will lie at the bottom and be separated by 
a distinct surface from the air above it. Also this surface 
will be a horizontal plane. 

Again, a liquid may be divided in any drceoCvsc^ *xA \\s* 
particles may be stirred about and moved axaoxq^X *»£sv 
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other with the smallest conceivable effort The ease with 
which the particles of coloured water will diffuse themselves 
through clear uncoloured water is very striking, as any one 
may observe on mixing a solution of sulphate of copper 
with clear water. We could not mix blue and white powders 
in the same manner. 

Our next observation is that a liquid diners essentially 
from a solid in being destitute of the power of sustaining 
pressure unless it is supported laterally in every direction. 
In other words, it is not possible to take up a portion of 
liquid and squeeze it in a vice as we could squeeze a piece 
of iron. The moment we put pressure on any part of the 
surface of water inclosed in pipes or vessels, that pressure 
is carried on by chains of easily moved particles to every 
other point of the liquid and is felt everywhere in thousands 
of different directions at once. We shall return to this 
subject hereafter ; at present it may suffice to say that 
water is a fair type of liquids, and that its principal 
mechanical property is that of transmitting pressure equally 
in all directions. 

As to the air which lies above the water in the tumbler, 
that is a gas, and perhaps the primary distinguishing pro- 
perty of a gas is that of indefinite expansion. 

Suppose that we have a large closed glass jar which is 
perfectly empty, and that we can introduce within it a small 
quantity of the air around us, so much (for example) as 
would fill a thimble. This quantity of air would, when so 
introduced, at once expand or enlarge itself so as to fill the 
whole jar, and would press against its interior surfaces in 
all directions, from below upwards, as well as from above 
downwards. It is such a power of expansion accompanied 
by pressure which distinguishes a gas. 

Liquids and gases are both included under the general 
term fluids. 

Art. i. The question now arises : In what way are 
solids, liquids, and gases built up 01 formed"* M. \3kvs 
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stage the student can scarcely hope to gain a clearer con- 
ception of the constitution of matter than that which pre 
sented itself to the mind of Newton, who wrote : 

4 It seems probable to me that God, in the beginning, 
formed matter in solid, hard, impenetrable movable particles, 
of such sizes and figures, and with such other properties, as 
most conduced to the end for which He formed them, and 
that these particles, being solids, are incomparably harder 
than any porous bodies compounded of them — even so very 
hard as never to wear or break in pieces/ (See Daniell's 
' Chemistry/ p. 7.) 

It is here assumed that the particles or atoms which 
form solids, liquids, and gases are all equally hard, solid, 
and impenetrable, and that the different qualities or pro- 
perties which we observe in different substances are due 
to the manner in which these atoms are held together. 
The individual particles which make up the point of a 
diamond, the down of a feather, the web of a spider, the 
soft balmy air of summer, are all so incomparably hard and 
impenetrable that no human power can wear away or break 
up or divide them. 

2. Since we cannot isolate the separate atoms of any 
substance, it is impossible to prove directly the statement 
of Newton. The extent to which matter can be subdivided 
is a subject which has always excited interest, and Dr. 
Miller, the chemist, has given the following example of the 
subdivision of gold. It appears that a grain of gold may be 
hammered out so as to cover an area of 49 square inches. 
One square inch of the leaf may be easily attached to a 
plate of glass by floating it on water upon the glass and 
then allowing the liquid to drain off. Very fine lines can 
then be ruled on the gold leaf, as many as 10,000 in an 
inch, and if two sets of lines be ruled at right angles to each 
other, we divide the square inch into 100,000,000 pieces, 
each of which can be recognised in a microscope "^saE&^&Nfc. 
single grain of gold has been subdivided into ^00,000^^0^ 
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fragments. Yet we are quite sure that we have not ap- 
proached the possible limits of subdivision, for we can 
obtain a much thinner film of gold leaf by coating silver 
wire with gold and then drawing out the gilt wire. 

3. Instances of this kind could be multiplied, but we 
nave only space for one more illustration. 

Place a tiny drop of blood on the point of a needle and 
examine it by a microscope, when a number of minute 
spherical globules will be seen, each of which is less than 
3^ of an inch in diameter. These globules are not 
atoms, for they can be broken up by chemical action. But 
we can go further, for it is found that there are distinct ani- 
malculse no larger than these tiny globules. These minute 
creatures give evidence of circulation, of nutrition, of the 
same character of life which is observed in the larger animals ; 
they are essentially beings, and beings made up of parts. 

Our conclusion, then, is that we must assume the exist- 
ence of actual atoms, which are incomparably smaller than 
those last minute particles which we can seize upon and dis- 
tinguish by the aid of the most powerful microscopes. 

4. The conception of Newton has been modified in 
recent times, and the atoms to which he referred have been 
regarded as grouped together in definite collections called 
molecules. Thus it is not believed that a particle of water is 
a single atom, being one and indivisible ; but, on the con- 
trary, it is thought to be a compound of at least two atoms, 
each of which is taken from a different substance, and is in 
itself indivisible. So long as these separate atoms are 
grouped together into one we may have the substance water, 
when they are separated we have other substances known as 
hydrogen and oxygen gases. A molecule of water is a 
definite thing — it replaces an atom in Newton's statement. 
But it is not an atom, for it may be broken up by certain 
natural operations. According to Newton's view, the ulti- 
mate atoms of matter are indestructible, they are capable of 

combining amongst each other in a multitude oi ftStercoX 
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ways, producing substances of the most diverse properties, 
but no one of them is ever destroyed 

5. In searching for the atoms of a solid, we may find 
them in very unexpected places. Thus, dissolve some 
white sugar in water so as to form a thick transparent syrup. 
This appears to the eye clear and colourless, but it is really 
full of black atoms of carbon in prodigious numbers. For 
if we pour some of the solution into a beaker standing on a 
plate, and add sulphuric acid and stir up the mixture, it will 
froth up and boil over on to the plate in a mass of black 
carbon. 

Again, dissolve some nitrate of silver in distilled water, 
we shall obtain a clear liquid as bright and sparkling as the 
purest water, but which is really full of silver atoms. If we 
now pour a little aldehyde (a substance formed from alcohol) 
into a test tube, add some of the solution of silver with a 
little ammonia, and heat the tube over the flame of a spirit 
lamp, the metal will be deposited in a bright metallic state 
on the inside of the tube, forming a silver reflector. 

6. Again, let us fix our attention on ice, water, and steam. 
As is well known, a mass of ice may be thawed into water, and 
the water may be boiled and converted into steam, which 
when not allowed to escape into the air remains a transparent 
invisible gas. The same identical molecules are present in 
each case, and we have therefore one and the same mass of 
matter in each of the three forms — solid, liquid, and gaseous. 

Other gases, such as oxygen, or the air we breathe, have 
been of late converted into liquids though not into solids, 
but there are some gases, such as carbonic acid, which may 
be readily liquefied and afterwards frozen into a solid. 

7. Porosity, — All substances are porous. Pores are the 
intervals of empty space which exist in the interior of bodies ; 
thus the holes in a sponge are pores of great size. But in 
addition to the larger holes which are apparent to the eye^ 
there are in a piece of sponge innumeta\Ae srcvaStex Oc\ssxv£ss> 
and passages which can only be seen \yy a TcvagcC\Vj\Tv% ^as&. 
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If we compress the sponge, it becomes smaller, but no com- 
pressing machine, however powerful, would enable us to get 
rid of the porous spaces altogether. 

All cavities or empty spaces in a body, which can be 
perceived by a microscope, we describe as sensible pores ; 
but it is believed that substances are porous in a different 
sense, and that their different molecules are separated by 
intervals or spaces which no optical instrument will enable 
us to detect. 

Porosity of the kind to which we now refer is distinguished 
as physical porosity. 

It appears that every substance in nature is compressible 
more or less ; that is to say, it will become smaller in bulk 
when subjected to pressure all round its surface. Innume- 
rable experiments have been made, and the result is that 
every substance in nature will yield to a compressing force. 

The reasoning is very briefly this : 

Assume the existence of atoms which in themselves are 
hard and incompressible ; if the substance made up of atoms 
be compressible it must be porous, that is to say there must 
be empty spaces of some kind between the respective atoms. 

If this were not so, the body would be like a box full of 
hard balls ; when subjected to pressure there would be 
nothing to give way, for the separate atoms are incompressible, 
and there would be a complete line of atoms in contact in 
the direction of every pressure. 

8. The porosity of solids will be readily admitted : a 
piece of wood sucks in water and becomes wetted through- 
out, as we see by cutting it in halves. Also a lump of sugar 
will suck up water and become wetted and dissolve, but a 
lump of gold will not. Yet the gold too is porous. Many 
years ago a learned body of men in Florence inclosed 
water in a gold globe and compressed the globe oul of shape, 
when the gold was not broken but water was forced through 
in a fine dew. The liquid had passed through pores in the 
metal. 
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But a substance may be porous when it is impossible to 
force water through it. Glass is such a substance. No 
pressure has yet been sufficient to force water through glass, 
yet glass is compressible, and therefore porous, as we argue. 

One test of compressibility, and often the easiest one to 
put in practice, is to try the power of the substance to pro- 
duce a musical note. Thus, take a glass rod or tube some 
three or four feet long, grasp it firmly in the centre between 
the finger and thumb of one hand, and rub a piece of damp 
flannel, with moderate pressure, in slow even strokes to and 
fro along the glass. It will be easy to put the rod into 
vibration, and a loud musical note will be heard. This 
musical note is due to the fact that each half of the rod is 
alternately compressed and elongated, as may be rendered 
apparent by bringing a light pith or wooden ball, suspended 
by a thread, in contact with either end of the rod. The 
ball will dance violently to and fro under the successive 
blows given by the vibrating end. 

9. Again, water is porous, it will absorb air or gases, 
as we see in a bottle of soda-water. There is a simple ex- 
periment on this subject. Take a vessel 
of glass with two globes, a and b, and a 
stem, as shown. Fill the vessel with water 
up to the level of the neck between a and 
b, and then fill the globe a quite full of 
alcohol and put in a cork. With care 
the liquids will not mix. Now invert the 
vessel, when the alcohol will rise through 
the water. A number of bubbles will be seen, although 
there is no chemical action. The two liquids when mixed 
occupy a smaller space than before mixture, and the poro- 
sity is shown by the empty space in the tube when the 
bubbling has ceased. 

The final and conclusive test is derived from compres- 
sion. Is the liquid compressible ? If so, \X tck&n. \>fc 
porous. 
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As a general rule, liquids are much less compressible 
than solids ; but they all yield to pressure, and can be made 
also to conduct sound, which they can only do in virtue of 
being alternately compressed and expanded. 

It is estimated that a pressure of 15 lbs. on the square 
inch would compress 

Water . . . about 50 millionths of its volume at 32° F. 
Mercury „ 3 „ „ „ 

Ether . „ ill „ „ „ 

10. Elasticity is that property whereby the particles of 
a body return to their original positions after they have been 
displaced. 

A billiard ball is elastic. Smear a thin coating of lamp- 
black and grease on a level slab of marble. Touch the 
slab with the ball, when a very small round black spot will 
appear on its surface. Now throw the ball down strongly 
on the slab, when it will rebound, and, although it has re- 
covered its shape perfectly, there will appear on it a circular 
black spot nearly as large as a threepenny-piece. The ball 
has been sensibly flattened at the point of impact, but has 
immediately recovered its spherical form. We say, then, 
that a perfectly elastic body recovers its original shape when 
any cause which has changed its form or volume ceases 
to act. 

In this sense all gases are perfectly elastic, and so are 
all liquids. After compression they do not remain of 
diminished bulk, but recover at once their former volume 
when the pressure is relieved. There is no limitation to 
this statement : whether the compression be great or small, 
the recovery of volume is perfect. 

Solids, on the contrary, are imperfectly elastic, and in 

some cases exhibit scarcely any appearance of elasticity. 

As a rule, however, it may be said that every solid will bear 

some minute derangement of form and yet recover its shape. 

So far it is perfectly elastic ; but sooner ox \atet a^TTRaxtgcx 
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change will take place, and the limit of alteration of form, 
with subsequent recovery will be exceeded. 

Thus, iron is perfectly elastic, and wood very nearly so, 
within the limits to which we strain their powers in any 
structure. Engineers never subject iron to a pressure 
calculated to produce a permanent alteration of form. 

In wrought iron this limit is estimated at a pull of eight 
to ten tons per square inch of section, the breaking pull being 
twenty- six to thirty-two tons. When iron assumes the form 
of steel the limits of elasticity are much extended. 

ii. The mechanical tests of perfect elasticity are : 

(i) Recovery of form. 

(2) Each additional unit of stretching weight produces 
the same increase of length. In Barlow on the * Strength of 
Materials/ the following example is given : — 

A bar of wrought iron 1 square inch in section was sus- 
pended at one end, and a weight of 4 tons was hung upon it, 
the length being carefully observed. Then weights of 5, 6, 
7, 8, 9 tons were suspended, and the extension for each ad- 
ditional ton weight was found to be 120, no, 120, 120, 120 
millionths of the length of the bar, the rule being followed 
with only one small deviation in the case of the 6 ton 
weight. 

A like test would be true for compression ; hence we 
infer that : 

Resistance to extension varies as the extension ; 
„ „ compression „ „ compression. 

12. When a body can be set into vibration so as to 
give out a musical note, we have the best proof of the 
elasticity of the material of which it is composed. The 
recovery of form after extension or compression must be 
perfect or vibration cannot go on. 

Steel and glass are the only substances which become 
hard and elastic by sudden cooling at a red heat. This 
process renders them wonderfully hard and elastic, but 
correspondingly brittle or liable to break, Iw \xnj&w > >m&rs^ 
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glass vessels were annealed, as it is termed — that is, allowed 
to cool slowly by passing them along an open chamber, 
heated at one end and cool at the other— they would be so 
brittle that we could not use them. In like manner 
brittleness may be greatly removed from hardened steel 
articles by tempering, that is, by raising them to a tem- 
perature ranging from 430 F. to 560 F. and then allowing 
them to cool very gradually. A sword must be tempered 
or k would break at the first blow. 

The general effect of heat is to diminish the elasticity of 
metals, and finally to remove it altogether. This may be 
shown by heating a brass bell over the flame of a spirit 
lamp. When struck it will not ring, but the blow sounds 
as if it fell upon wood. 

There are curious points of difference in different 
substances. Thus, heat and moisture together develop 
perfect elasticity in a feather, as may be seen by crushing 
a feather in the hand and then holding it in the steam issuing 
from the spout of a kettle of boiling water. 

Also Chinese gong metal is hardened by being kept at 
a red heat for some time and then cooled very slowly. 
Unlike steel, it is made soft and malleable by being brought 
to a red heat and then suddenly cooled. 

13. Plasticity. — The next property we refer to is that 
of plasticity. 

Many solids are hard to the touch, and yet will yield to 
severe pressure, allowing their molecules to slip over each 
other and take up new positions. New forms or surfaces 
can then be impressed upon them. 

It is in virtue of this property that such a thing as a 
Britannia metal teapot is raised into form from a flat 
circular sheet by burnishing or rubbing the metal into shape. 
Coins are stamped in like manner by hard steel dies. To 
get an idea of the meaning of the term plastic, take two 
clean pieces of sheet lead, and place a half-sovereign between 
them, then strike a hard bJow with a hammer, atv&tYvexe mil 
be a perfect impression of the coin upon the lead. 
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The metal steel, as it appears in the blade of a knife, has 
no plasticity, and if we were to put the half sovereign on a steel 
blade, and then to strike a hard blow with a hammer, no 
impression would be made on the steel, but the coin would 
be damaged. Hence a steel die may be used for stamping 
a flat smooth disc of gold and converting it into a standard 
coin. 

14. Tenacity. — When the atoms of a body are held 
together so strongly and firmly that no ordinary amount of 
force will sensibly increase or diminish the distance between 
them, the body is said to be rigid. There is no such thing 
as a perfectly rigid body in nature, but we often suppose a 
body to be rigid when examining its behaviour under the 
action of forces. 

The power with which the atoms of some substances 
hold together is remarkable. Thus, Mr. Brunei, who designed 
the suspension bridge across the Avon at Clifton, stretched 
a steel wire, 700 feet long and about i\ square inch in 
section, between the two piers of the bridge, and many 
persons crossed in a chair hanging on this slight support. 

In fact, a wire of steel, 1 square inch in section, will sup- 
port a load of 60 tons hung at one end, whereas a similar 
wire of forged copper would support about 15 tons. If the 
wire were of tin it would support only 2 tons, and the plastic 
metal lead would sustain no more than four-fifths of a ton 
under like conditions. 

It is interesting to note the action of heat upon metals 
in softening them and rendering them plastic. Take a 
copper wire about the thickness of a stout sewing thread ; it 
will support a considerable weight (say 28 lbs.). Bring the 
flame of a spirit lamp against the wire, and the weight drops 
at once. The atoms of copper can no longer resist the pull 
to which they are subjected. 

The student will naturally ask for an explanation, and at 
the present day we should account fox Vt vcv a. SsSereefc. 
manner from those who wrote fifty years a%o, axtfi ^\o\&& 
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state our belief that the particles of copper are set into such 
violent trembling motion by the heat of the flame that their 
power of holding together has been almost entirely taken 
away. 

15. Definitions. — It follows from the law of universal 
gravitation that the attractive force of the whole globe of the 
earth is felt as a pull upon everything on its surface. 

The tendency of a body to fall is familiar to every one, 
and arises in this way : Every particle composing the earth 
attracts the body, and the effect resulting from all these 
attractions is that the body is drawn towards the centre of 
the earth or very nearly so. 

That such attraction really exists is evident from the 
consideration that the earth is round and that bodies always 
fall in directions perpendicular to its surface. 

The terms * gravity >' or * the force of gravity* are used to 
express the attractive force of the whole earth upon bodies 
on its surface. 

Hang up in a frame a small knob of lead by a fine string ; 
this is an apparatus used by carpenters, and the string forms 
a so-called plumb-line, that is, a line pointing in the direction 
in which the force of gravity pulls the lead. This is, 
strictly, a line drawn perpendicular to the earth's level 
surface, or what would be its surface if there were no 
mountains and valleys. 

The direction of the plumb-line is vertical, and a 
horizontal plane where the observer stands would be any 
plane perpendicular to this vertical line. All lines at right 
angles to the vertical line are called horizontal lines. 

Now cut the string, and the piece of lead will fall in 
the exact line of direction of the string, that is, in a vertical 
line. 

16. Definition : The weight of a body is the amount of 
force which acts upon it on account of the earth's attraction 
of gravity. 

Weight is not an inherent property of matter •, live, same 
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quantity of matter may slightly differ in weight even at 
different points on the earth's surface. 

In all measurements we begin by taking certain standards 
of reference which we call units ; thus in measuring lengths 
we take a standard yard as the unit, the exact length of a 
yard having been handed down from early records. A 
yard is subdivided into 3 feet, or 36 inches, and in estimating 
lengths we find how many times the standard yard, foot, 
or inch is contained in the given length. 

In comparing or measuring weights, the unit of weight 
is a certain piece of platinum which is deposited in the 
Office of the Exchequer, and is known as a standard pound 
weight, or a pound avoirdupois. 

The pound avoirdupois is subdivided into 16 ounces or 
7,000 grains. 

The standard measure of capacity is a gallon, which con- 
tains 10 lbs. avoirdupois of distilled water at 62 R, the baro- 
meter standing at 30 inches. 

The measure of capacity is related to the measure of 
length by the declaration that a gallon shall contain 277*276 
cubic inches. 

In measuring angles the unit is -£$ part of a right 
angle, called a degree, and the degree is subdivided into 60 
minutes, and 3,600 seconds. 

17. The motion of rotation of the earth about its axis 
gives us a measure of time, and a solar day is the interval 
between two successive transits of the sun's centre over 
the meridian, such as may be given by a sun-dial. 

By reason of the variable motion of the earth in an 
orbit round the sun, which causes the apparent motion of 
the sun to vary day by day, the length of a solar day is not 
always the same, and cannot be taken as a unit for measur- 
ing time. Hence astronomers obtain by calculation a mean 
solar day, which is the mean of solar days, and is that to 
which clocks and watches are usually adapted. 

The mean solar day is divided into 24 Yvout^ ^Nx^&ons. 
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is subdivided into 60 minutes, and each minute into 60 
seconds. 

In mechanical examples the unit of time is always one 
second^ unless some other unit is stated. 

18. Definition : The mass of a body is the quantity of 
matter in it. 

There are 2,240 lbs. in a ton, and it has been estimated 
that in round numbers the mass of the earth is between five 
and six thousand millions of millions of millions of times the 
mass of matter in a single ton. 

The pound weight gives a convenient measure of force, 
which has been adopted in this country for many 
centuries. 

19. Definition : Forces are measured by the weights 
they will support. 

The unit is commonly a pound weight, whence a force 
which will support 3 lbs. is represented by the number 3. 

On the same supposition — for the unit of force may be 
differently chosen — the unit of mass is the quantity of 
matter in a body weighing 32*2 pounds. This is an arbi- 
trary assumption, but there are reasons for it which will be 
stated hereafter. 

Let m be the mass of a body weighing w lbs. and let 
the number 32*2 be represented by the letter £•. 

Since a body of mass 1 weighs ^lbs. 

It follows that a body of mass m weighs m g lbs. 

or w = Mf, and m = - . 

g 
Since the weight of a body arises from the force of 

gravity, it is the practice to distinguish the above mode as 

the gravitation measure of force, 

20. The centre of gravity. — Hitherto we have not 
distinguished that point of a body at which the force of 
gravity acts. A body is made up of individual particles, 
and the weight of a body is the total force resulting from 

the action of the whole eartfj upon each of x\ve \>ax\.\d&^ oy > 
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in other words, from the combined action of the weight of 
the several particles of the body. 

Later on we shall show that this total force is the sum 
of all such weights, and that it acts at an invariable point, 
that is, a point which does not change its position in the 
body when the body itself is turned round and inverted or 
otherwise moved. 

This point is called the centre of gravity of the body. 

The centre of gravity may be found by trial, or by theory, 
but its position is often inferred from the nature of the body. 
The centre of gravity of a body of regular form, such as a 
sphere, a cube, or the like, would always be the centre of 
figure ; and it has this distinguishing property, that every line 
drawn through it to meet the surface of the body both ways 
is bisected by it. 

21. It is important to bear in mind the properties of the 
centre of gravity ; no other point in the body possesses the 
same properties. 

(i) The centre of gravity does not change its position 
within the body when the position of the body is altered. 

(2) The effect of the force of gravity on the body is to 
pull the centre of gravity towards the centre of the earth, 
or very nearly so. 

(3) The force of gravity has no tendency to turn the 
body about its centre of gravity. 

(4) The centre of gravity will always assume the lowest 
position which it can possibly take. 

(5) If we suspend a body at any point the body will hang 
with its centre of gravity vertically below the point of 
suspension — that is, both the point of suspension and the 
centre of gravity will be in the same vertical line, the latter 
below the former. This follows from Rule 4, for the centre 
of gravity has its lowest position when it comes vertically 
under the point of suspension. 

22. Measure of velocity. — In oT&mar^ W^\a%£. \kst 
term zW<pa'/y expresses the degree of svriittve'ss at ra^v&fci 
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with which a body is moving. Also, motion is change of 
position. 

Conceive that a wheel is set spinning on its axis, and is 
then hurled forward obliquely into the air. The motion 
will be of two kinds, for there will be a spinning motion, 
which is one thing, and an onward motion, which is another 
thing. On account of the spinning or rotatory motion every 
line in the body perpendicular to the axis has the motion of 
a spoke in a carriage wheel, and describes a certain angle 
in each interval of time. It moves with a so-called angular 
velocity. 

As regards the onward motion, it is capable of proof that 
the body moves as if its whole mass were collected or con- 
densed in the centre of gravity. 

Such a thing is physically impossible, but the supposition 
allows full scope for the employment of geometrical reason- 
ing, and we shall therefore adopt it, and treat every moving 
body as if it were a dense particle, and shall not concern 
ourselves with its actual form or shape. 

23. When a point changes its position continuously in 
relation to other fixed points, it is said to have a certain 
linear velocity. 

In measuring linear velocity it is usual to adopt a second 
and afoot as the units of time and length. Also the number 
of feet which a point passes over in a given time is called 
the space described in that time. 

Definition : The rate of change of position of a point 
relatively to other fixed points is the velocity of the moving 
point In other words, velocity is rate of motion. 

The velocity of a point may be uniform or variable. It 
is uniform when the point describes equal spaces in equal 
times ; it is variable when the spaces so described are un- 
equal, or, more accurately, when the rate of change of posi- 
tion is continually altering. 

24. In uniform motion the rate of change of position is 
determined by observing the number of feel des>cx\b^d t*j 
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the moving point in one second. This is the method 
ordinarily adopted. If we say that a point has a uniform 
velocity of 20 feet per second, we mean that it describes 20 
feet in each successive second of time. In other words : 

The linear velocity of a point, when uniform, is measured 
by the number of feet described in one second. 

Thus, if v be the velocity of a body moving uniformly, 
s the space described in / seconds, 
the letter v represents the number of feet described in one 
second, therefore 2 v represents the number of feet described 
in 2 seconds, and tv the number described in / seconds. 

Hence j = / v* or v = - 

' t 

The measurement of variable velocity is beyond our 
scope except in one particular case which we shall discuss. 
It must suffice to say, that just as velocity when uniform is 
measured by the space described in a unit of time, so 
velocity when variable is measured by the space which 
would be described in a unit of time if the body retained 
throughout that unit the velocity which it has at the instant 
considered. 

25. Curves and coordinates. — Definition : A curve 
is a line traced out by a moving point which is continually 
changing the direction of its motion. 

When the point moves only in one given plane, the curve 
is said to be a plane curve. 

Thus, a circle is a plane curve, and we shall presently 
discuss the motion of a point when describing a circle with 
uniform velocity. Circular motion lies, as it were, at the 
foundation of mechanism, for a steam engine or a water 
wheel gives the rotatory motion of a piece of shafting, and 
it is from a simple uniform rotatory motion of this kind that 
all the complicated movements observed in cotton spinning 
or wool combing, or the weaving of lace or figured cloth, 
are derived. 

We begin by showing how to estimate ftve ^o*vC\ok\ <a\ 
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any point in a plane curve. This is done by a system of 
so-called coordinates. Thus let rps be a portion of any 

plane curve. In the plane of rps 
take any two straight lines o^ oy at 
right angles to each other, called rect- 
angular axes. Draw p m and p n per- 
pendicular to o x and oy respectively. 
It is manifest that if we know p n and 
p m we know the exact position of the 
point p. Also p n = o m, and consequently it is sufficient 
to know the values of o m, m p in order to determine the 
position of p. 

Let om=^,pm = ^ then it is usual to call x and y 
the rectangular coordinates of the point p. Thus, if x = 3, 
and y = 2, we can at once say where p is situated, and the 
like when x and y have any other values. 

As a matter of convenience, and because o p can be 
at once deduced from o m and p m by the simple rule 

OP 2 = OM J + M P 2 , 

we have taken the axes o x> oy at right angles, but this 
is not essential, and it frequently happens that x oy is any 
angle arbitrarily chosen. 

Again if we join o p, and know the angle vox, we can 
also determine the position of p. 

Let op = r,po^ = ft Then r and (the Greek letter 
Thtta) are called the polar coordinates of the point p. 

26. It has been stated that a continual change in the 
direction of motion of a point causes it to describe a 

curve, and the tangent at any point 
of a curve is thus defined. 

Definition : The tangent to a 

curve apb at any point p is the 

direction in which a point describing the curve would move 

at p, if it there ceased to change the direction of its 

motion. 
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27. Graphical method. — In this treatise zpartick, or 
material pointy or point, is regarded as being a portion of 
matter indefinitely small in all its dimensions, and yet capable 
of being acted on by forces, however large. 

Forces may be conveniently represented by straight lines- 
There are four things to be specified before a force can 
be said to be fully determined : 

(1) The point upon which it acts. 

(2) The line in which it acts. 

(3) Its direction along that line. 

(4) Its magnitude. 
The point upon which a force is supposed to act must 

be a material point It is not a point as defined in geo- 
metry, but may be almost regarded as such. 

Conceive that a force of p units, called a force p, acts 
upon a point, a ; the point a will begin to move in some 
determinate direction as ab, and this 
direction is the line of action of the force p. -^ 5L 

It s usual to indicate the direction in & 
which a force is in action by marking a 
sma 1 arrow-head at the end of the line. We thus determine 
he point upon which the force acts, the line in which it 
acts, and the direction along that line. 

We next select some unit of length, such as an inch, $ of 
an inch, y 1 ^ of an inch, as the case may be, and we can then 
represent the magnitude of the force of p units by the 
length of the line a b. 

Hence the force p is fully represented by the line a b, 
and we remark that a force represented by a b always means 
a force acting at a, in direction a b, and of magnitude 
represented by the length a b. 

We now possess a key to what is termed the graphical 
method of representing forces with a view to the solution 
of mechanical problems. This method enables us to ^mssr 
on paper any forces which are in action, eac\v cotk^rXs^ 
represented in every particular by a distinct \vcve, *xv& ^wa& 
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the mind is assisted by the eye in considering and reasoning 
upon the effects of these forces. 

28. The graphical method of representing forces applies 
equally to the representation of velocity. When a point is 
moving with any velocity, whether uniform or variable, 
we may represent its velocity by a line ab (see page 21). 
The length of ab may represent the space actually de- 
scribed in one second when the velocity is uniform, and it 
may equally represent the space which would be described 
in one second (as previously stated) when the velocity is 
variable. Also the direction along a b, from a to b, repre- 
sents the direction in which the point is moving at the 
instant considered, whether the motion be in a straight line 
or a curve. 

Thus velocities may be represented by straight lines just 
as forces may be represented by straight lines. 

29. Resolution of force and velocity. — It has 
been stated that force is any cause which moves or tends 

to move matter, and let us suppose 
that a particle of matter at a is 
acted on at the same instant by two 
forces p and Q. Unless these forces 
are equal and opposite, the point 
must move in some determinate 
direction with a definite velocity. 

But a single force is competent to move a particle in a 
given direction with an assigned velocity. Hence there is 
some single force r intermediate to p and q which, when 
acting on the particle, produces the same effect as the com- 
bined action of p and q. 

The single force r is called the resultant of p and Q, and 
p and Q are called the components of r. The process of 
substituting two forces p and Q for the single force R is 
called the resolution of force, and the process of finding r 
when p and Q are given is called the composition of the 
forces. Thus ne say that R may be resolved Vxvto 1? axA 
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Q, and that p and q may be compounded into the single 
force r. 

In flying a kite, for example, there are two forces acting 
externally, viz. the pressure of the wind and the pull of the 
string ; a third force is the weight of the kite, which must 
be equal and opposite to the resultant of the two first- named 
forces. The kite will remain steadily supported in the air 
so long as this equality maintains. 

If any number of forces acted at the same instant on the 
point a, there would still be a single force competent to 
move a as it actually moves. Hence the forces would have 
a single resultant, and the process of resolution and compo- 
sition may be extended to any number of forces. 

30. We have next to show what is meant by the resolution 
of velocity, which is a simple 
geometrical question. 

Let a point p describe the 
straight line a b with a uniform 
velocity v. 

Draw any straight line o x 
inclined to o b, and let q, r, be other positions of the point p. 

Draw p m, q n, r s, perpendiculars on o x. 

The point m is called the projection of p on o x, and it is 
clear that if the sunlight were shining down upon p in direc- 
tion p m, so that m was the shadow of p, n would be the 
shadow of Q, and s would be the same of r. 

Also if p b, q c be drawn parallel to o x, we have, by 
similar triangles, 

OP 

PQ " 




OM 



PB 



But 



PB = NM, .*. — = 



OP 
PQ 



O M 

mn' 



and in like manner 



PQ 

QR 



MN 

NS* 



Hence if p moves uniformly along o b, l\ve ^to^cXva^ <a>\ 
p, namely m, moves uniformly along o x. TYv^ tcvo\\oxv <ak 
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m along o x is not so rapid as that of p along o b, and changes 
at every different inclination of o x to o b. 

Thus, if the angle at o be 6o°, it is easy to show that the 
velocity of m is exactly one-half of p. 

For simplicity, let op be the space described by p in 
one second. Then o m is the space described by the pro- 
jection of p in one second ; that is, o m represents the 

velocity of p resolved along ox, 
or is the component of v along o x. 
It is evident that, if oy be 
drawn at right angles to o x, and 
p t be drawn perpendicular to o y, 
we may take t to be the projec- 
tion of p on oy, whereby as p 
moves uniformly along o b, both m and t will move uniformly, 
one along o x, and the other along oy. 
Taking o p = v, we have 

om = resolved velocity of p along o x. 

O T = „ „ P „ O J\ 

It is common to describe om, o t as the components of 
v along o x } oy respectively, and to say that v is the resul- 
tant of the two velocities om, o t. 

We have drawn o x, oy at right angles to each other, 
but the reasoning would apply equally if ox, oy were 
inclined at any angle which may be selected. 

Drawing pm, pt, parallel to 
oy, o x respectively, it is manifest 
that m would be the projection of 
p upon o x in this system of in- 
clined axes, and t would be the 
projection of p upon oy. 

That is, the velocity o p may 
be resolved into the two velocities om, ot; and conversely, 
if there be impressed upon a point at the same time two 
velocities om, ot, it will actually move with the velocity op 
represented, by the diagonal of die parallelogram otpm. 
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31. This is the principle of the parallelogram of velocities, 
which may be thus stated. 

Proposition : If, at the same instant, a point o receives 
two velocities which would be represented by the adjacent 
sides ot,om of the parallelogram otpm, the actual velocity 
of the point will be represented by the diagonal o p. 

32. The laws of motion and the measure of 

force. — The Laws of Motion are certain statements respect- 
ing the effect of force in producing motion, upon which all 
reasoning in mechanics is or may be founded. There are 
three laws of motion as laid down by Newton, and the proof 
of these laws is of that kind which is called inductive. The 
meaning of the term induction is this : from certain observed 
facts we conjecture that a law is true, and then set about to 
investigate the consequences which must follow in certain 
particular instances if the law be true. Having done this, 
we observe whether such and such consequences are really 
matters of fact. If we find that the law can be tested in a 
great variety of particular cases where the observed facts 
would be different if the law were otherwise, we are justified 
in accepting the law as true, and in founding our conclusions 
upon it. 

A few years ago it was the practice to postpone the con- 
sideration of these laws until problems relating to simple 
machines had been solved. But that method of teaching is 
now given up, and we proceed on the plan adopted in 
modern text -books. 

33. First Law : — Every body continues in its state of 
rest or of uniform motion in a straight line, except in so far as 
it may be compelled by impressed forces to change that state. 

Absolute rest is not to be found in nature; the word rest 
must therefore be understood in a relative sense. 

Again, an impressed force is merely another phrase for a 
force ; all external forces which act upon bodies are im- 
pressed forces. 

This law is intended to assert the inertia ol xxtf&Xe^ « 
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that quality inherent to matter whereby it has no power in 
itself to change its own state of rest or motion. 

The conclusion that matter does not move spontaneously, 
or unless acted upon from without, is irresistible, and is in 
accordance with the experience of daily life ; but the state- 
ment that any moving body, at every instant, is exerting a 
never-ceasing tendency to persist in one simple movement 
in a straight line, without any falling off or dying away of 
the rate at which it is moving, is not grasped without diffi- 
culty. Illustrations of the law will be noticed as they may 
be met with. 

34. Second Law : — Change of motion is proportional to 
the impressed force, and takes place in the direction of the 
straight line in which the force is impressed. 

Here the words ' change of motion ' signify * change of 
quantity of motion? 

For simplicity, we will assume the body to be at rest 
when the force begins to act ; the change of motion will 
then be the whole motion impressed upon the body. 

Since we are dealing with a body in motion, it is clear 
that we may consider — 

1. The weight of the body to be constant, and its „ 

velocity to vary. 

2. The weight of the body to vary, and its velocity to 

remain constant. 

Take the first supposition, and let the force acting be 
doubled or trebled. The law says that the quantity of 
motion will also be doubled or trebled. But the weight is 
invariable, therefore the velocity must be doubled or trebled, 
or the quantity of motion varies as the velocity when the 
weight moved is constant. 

Take the second supposition, and let a force acting on a 

pound weight for a given time impress on it a certain 

velocity. A second equal force acting on another pound 

will impress the same velocity. We shall then have a double 

force producing the original velocity in two pound vj^hts. 
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But the law again says that the quantity of motion is 
doubled, and we infer that when the velocity is constant the 
quantity of motion varies as the weight moved. But there 
is a proposition known as the double rule of three, which is 
the following :— 

Let x vary as y when z is constant or invariable ; 

And let x „ z „ y „ 

Then, if both y and z vary, x will vary as yz ; or, as 
stated in books on algebra, 

x = my a 

where ;;/ is some number, whole or fractional. 
Applying this proposition, we have 
Quantity of motion varies 

As velocity when weight moved is constant ; 
„ weight moved when velocity „ 

It follows that when the weight and velocity both vary, 

Quantity of motion = /;/ (weight) (velocity). 
Since the mass of a body is proportional to its weight, 
assume that 

Mass of body = m (weight of body). 
Hence, quantity of motion = (mass) (velocity). 
The product of the numbers expressing the mass of a 
body and its velocity is called the momentum of the body, 
and the word momentum expresses the quantity of motion 
in a moving body. 

Let m represent the mass of a body, 

v its velocity at any instant ; 
Then momentum = mv. 
35. Third Law : — To every action there is always an equal 
and contrary reaction, or the mutual actions of any two 
bodies are always equal and oppositely directed. 

Or, as more briefly stated by Newton, action and reaction 
are equal and opposite. 

A force called into action by anot\\ex ioxee \s> xsrK\fc& ^ 
/ear/A?*. Thus if a man presses against atv oX^VasX^ "Cc^ 
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obstacle will, so to speak, resist that pressure by returning 
another pressure called reaction, and the law says that the 
return pressure or reaction is equal and opposite to the 
original pressure or action. 

When a string is fastened to a fixed point, and we pull 
the string, so that it becomes somewhat rigid, it is said to be 
under tension. 

But action and reaction are equal and opposite. That 
is to say, the pull on the string, called action, is equal to the 
opposite pull exerted at the point to which the string is fast- 
ened, or to the reaction. 

It follows that in order to stretch a string it is necessary 
that two equal forces should act in opposite directions along 
the string. 

Again, the words action and reaction apply when force 
sets a body in motion. The explosive force of powder in a 
gun is action, and the momentum generated in the projectile 
is reaction ; or, if we please, the momentum of the projectile 
being action, the recoil of the gun is reaction, and the two 
are equal. 

36. We are now in a position to obtain a new measure 
of force. It has been shown that when the mass moved is 
constant, the force acting is proportional to the velocity 
impressed during its action. 

But matter has the quality of inertia, whereby it opposes 
a definite resistance to the action of force. 

Take a pound weight in the hand, and the effort made 
by the hand in supporting the weight is apparent. If we 
could suppose the pound weight removed from the earth, 
and existing in free space where no force was acting, it 
would be what we term a free body. If, under these 
circumstances, a force equal to the effort made by the 
hand in the former case were to act, a certain definite 
amount of velocity would be generated in the body in one 
second. 

The second law, in effect, says that this amoxml cA \^\o- 
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city, when we have ascertained it, will be an exact measure 
of the magnitude of the force which has acted. 

Definition : Force is measured by the velocity gene- 
rated in one second in the unit of mass in a free body. 

Definition : The unit of force is a force which, acting 
on the unit of mass for one second, generates in it a velocity 
of one foot per second. 

Forces measured as above are said to be expressed in 
absolute measure. 

For reasons which we have not space to enter upon, the 
absolute unit of force is adopted only in physical or electrical 
treatises, and we shall not refer to it further. In this book, 
forces will be measured by the weights which they support. 
Our object in stating the laws of motion thus early, and in 
showing that force may be measured by its effect in over- 
coming the inertia of matter, or in generating velocity in a 
free body, is to obtain a proof of the so-called parallelogram 
of forces, a proposition by which all ordinary questions of 
equilibrium which come into an elementary treatise can be 
solved. 

There are two fundamental principles in mechanics : (1) 
the principle of the lever ; (2) the principle of the parallelo- 
gram of forces. Either may be deduced from the other, 
and the two together give us the command over a great 
variety of questions. Hence the importance of the task 
immediately before us. 
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CHAPTER II. 

THE PARALLELOGRAM OF FORCES. 

37. Taking first the principle of the parallelogram of 
forces, which may be thus stated : — 

Proposition : If two forces p and Q acting upon a point 
a have a resultant r, and if two straight lines ab, ac, 
represent the forces p and q in magnitude and direction, 
and if the parallelogram a b c d be completed, its diagonal 
a d will represent the resultant r in magnitude and direc- 
tion. 

,P 




To prove this we refer to the laws of motion. 

By the first law, it is laid down that nothing but force 
can change the motion of a body. 

By the second law, the change 01 motion is in proportion 
to the force acting. 

If then, two forces act at the same instant in different 
directions on a particle or body, each force will impress on it 
a certain velocity in the direction of its action, and, since the 
mass moved is constant, each velocity will be proportional 
to the force producing it. 

Let p and q be the forces acting, and let a b, a c repre- 
mt p and q in magnitude and direction, TVvetv k*> a.c 
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will also represent in magnitude and direction the velocities 
impressed on the particle during a given time, say, one second. 
But ad represents in magnitude and direction the resultant 
of the velocities a b, a c. 

Hence a d represents also the single force which produces 
the same effect as the combined action of the forces p 
and q, or a d represents the resultant of p and q in magni- 
tude and direction ; that is, a d completely represents the 
force R. Which proves the proposition. 

(1). Looking generally at the diagram of this proposition 

we observe that as the angle paq diminishes, the diagonal 

a d becomes more and more nearly equal to ac + cd; or 

when 

paq = o, r = q + p. 

(2). In like manner when the angle paq opens out to 
two right angles, the diagonal a d diminishes to zero, and 
the forces p and Q act in opposite directions in the same 
straight line ; or when 

p a Q = 180 , r = q — p. 

As the diagram is drawn, the force q is greater than p, 
and r is positive, or acts in direction aq. But if p be 
greater than q, r will be negative, or will act in a direction 
opposite to a q, that is, in the direction of the force p. 

Generally, r = difference between p and q, and acts in 
direction of the greater force, Also, 
The greatest value of the resultant is the sum of the forces, 
„ least „ „ difference „ 

Further, as the angle between the forces is increased, the 
resultant is diminished. 

(3). When paq = 180 , and p = Q, we have — 

r = o. 

Or when two equal forces act in opposite directions on a 
point, they have no resultant, and therefore balance easki 
other. It is only In this way that we caxv forKv^&\^R»-^ 
equal forces, namely, as forces which baXance ^\\&tv *.cftsqg> 
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in opposite directions in the same straight line upon a free 
point. 

(4). When p = q, the parallelogram abdc has four 
equal sides. 

Hence in the triangles bad, 
d a c we have ba = ac, ad com- 
mon to the two triangles, and b d 

= DC. 

Whence angle bad = angle dao 

This is also evident from the 

consideration that when p = q there 

is no reason which can be assigned 

for causing r to incline to p rather than to Q, which would 

not apply equally to causing it to incline to q rather than to p. 

Or when p = Q, the resultant bisects the angle paq. 

(5). Also when p = Q, the resultant may be found by a 

simple construction. 

In this case, the two diagonals ad, bc intersect at right 
angles in e. Hence 

R = AD = 2AE. 

That is, if a b = a c = p, and we join b c and draw a e 
perpendicular to n c, we shall have 

r = 2 AE. 

We will now examine two simple 
cases. 

(1.) Let p and q act at right 
angles. 

Then a d 2 = a c 2 + c d 2 , 
or r 2 = p 2 + Q 2 . 
Cor. If q = p, we have r 2 = 2 p 2 
or r = p v/2. 
Now 0/2 = k/%% = v'ff very nearly. 
/. y/ 2 = \ very nearly. 
Whence r = £ p. 
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(2.) Let Q = p, and let p and q act at an angle of 120' 
Draw d n perpendicular to a c. 

Then r 2 = p 2 + p 2 + 2pxcn, p 

But since p = Q, the direc- 
tion of r bisects the angle paq. 
Hence dac = 6o°, and a n 
a_c Q ___p 
2 2 ~~ 2 







• • 



,2 — 



Or 



Now 



R 2 = 3 P 2 



,\ R = P V3. 



- = P 2 + P a + P 3 
2 



Or 



n/3= n/t|j= V^t very nearly. 

V3 = £ very nearly. 
7 



• • 



R = 1 P. 



38. In the diagram (Art 37) let r be the resultant of p 
and q, which are respectively represented by a b, a c. 
Draw d ^ perpendicular to a q. Then, by Euclid : 

AD 2 = AC 2 +CD 2 + 2AC XCN, 
or, R 2 = P a + Q 2 + 2 Q X C N ; 

where c n must be determined by measurement or from 
tables. 

We here remark : — 

1. We may always remove a set of forces acting on a 
rigid body if we put their resultant in place of them. 

2. Forces which balance may be removed or supplied 
at pleasure. 

3. If a flexible body be at rest under the action of forces 
we may suppose the power of motion taken away, and the 
particles to be rigidly connected. 

4. If any point of a free body has no texv&exvc^ \o xsnkn^ 
we may suppose that point to be fixed. 
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5. When force acts upon a rigid body it may be sup- 
posed to be applied at any point in the line of its action. 

39. The triangle of forces. — Proposition : If three 
forces acting at the same point balance each other, they are 
proportional to the sides of the triangle formed by any three 
straight lines parallel to their directions. 

As before, let ab, ac completely represent p and q ; 

complete the parallelogram 
a b c d, then a d represents the 
resultant of p and Q. Let this 
resultant be r, then if d a be 
produced, a force r, equal to 
ad, and acting at a in da 
produced will balance p and Q. 
Hence the forces repre- 
sented in magnitude and direc- 
tion by a c, c d, d a will balance 
when applied to the point a. 

Make a triangle hlk, whose sides are respectively 
parallel to the sides of the triangle acd, viz., h l parallel to 
a c, l k parallel to c d, and k h parallel to d A; 

Then this triangle will be similar to acd, but it may 
be on a different scale ; whereby if h l = 2 a c, we shall 
have l k = 2 c d, and k h = 2 a d, and so on. Hence the 
sides of the triangle hlk will represent the forces p, q, r in 
magnitude and direction, the only change being in the unit 
of measurement, which is immaterial. 

It follows that the three balancing forces are propor- 
tional to the sides of the triangle hlk, formed by any three 
lines drawn parallel to the forces. 

Note, that each force is proportional to that side of the 
triangle to which it is parallel. 

40. Proposition : If a triangle be formed by three lines 
at right angles to the directions of three forces which 
balance each other, the forces are respectively proportional 

to the sides of the triangle so formed. 
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This is obvious, for the effect would only be to turn the 
triangle hlk round in its own plane through a right angle. 

The propositions above stated embody the so-called 
principle of the Triangle of Forces^ whereby the sides of a 
triangle represent the action of three balancing forces in 
magnitude and direction. 

And it must be understood that this principle does not 
apply when the forces are parallel. For example, if p and 
q were parallel forces, the point a would be removed to an 
infinite distance, and no triangle could be drawn. That 
case will be considered presently. 

41. Polygon of forces. — Proposition : To find the 
resultant of any number of forces acting in one plane at 
the same point. 

Let a p, a q, a r, a s represent in magnitude and direc- 
tion four forces acting on the point A. 



-~" 3 



Complete the parallelogram apbq, and join a b, 

„ „ ABDR, „ AD, 

„ „ ADES, „ AE. 

Then a b is the resultant of p and q, 

ad „ a b and r, or of p, q, r, 

a e „ ad and s, or of p, q, r, s. 

Hence ae represents in magnitude and direction the 
resultant of the forces p, q, r, and s. 

It is not necessary to draw all the \\tves \tv Oftfe ft^st^ \ '*• 
is sufficient to commence by drawing p ^ powSVA axA eo^a^. 
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to a q, then to draw b d parallel and equal to a r, then to 
draw d e parallel and equal to a s, and then to join a e, which 
will be the required resultant. 

The polygon apbd is called the polygon of forces, and 
the proposition is merely an extension of the triangle of 
forces. 

In drawing this polygon, if it turns out that E coincides 
with the point a, that shows that the forces so treated balance 
each other, or have no resultant. 

42. Concurrence of three balancing forces.— 

Another principle of importance in the solution of problems 
may be thus stated : — 

Proposition : When three forces act in one plane upon a 
body and two of them meet in a point, the third force must 
pass through the same point or there cannot be equilibrium. 
This follows from the parallelogram of forces, for if two 
forces meet in a point they will have a resultant, and the 
third force which balances them can be no other than a 
force equal and opposite to this resultant, and passing 
through the point where the forces meet. 

To apply this principle, suppose a heavy uniform beam 
a b to be hinged at a to a support, and to be sustained at an 
angle, as shown by a pull of a string b p fastened at b. Let 

it be required to find the pressure 
at the joint a, and the direction in 
which it acts. 

Let p be the pressure at a, w be 
the weight of the beam acting at its 
centre g in the vertical line g w, and 
let t be the tension of the string 
acting in b t. 

Produce tb to d, then the two 

forces t and w meet in d, whence 

the third force, namely, the pressure 

on the hinge, must also pass through d, or else there cannot 

be equilibrium. 
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Join a d and draw g k parallel to a d, then the triangle 
G e d is the triangle of forces in this case ; for w acts in c d, 
t acts in d e, and g e is parallel to a d, which is the direc- 
tion of the pressure at a. 

Hence on a scale upon which d represents w, we have 
p = g e, and i = de. 

Ex. : Let the beam be inclined at 30 to the horizon, 
and the string at 45 to the vertical, and let w = 100 lbs., 
find p and t. Answer : p = ui'8 lbs. and T = 167 lbs. 

The principle may be further illustrated in the case of a 
uniform rod a b, suspended from a point d by two strings 
ad, ed, fastened in a knot at D, and of given length. 

Since the rod is uniform, its weight w will act at the 
middle point c, and the forces in equUi- 
brium are, 

(r) the tension of ad 

<2> „ „ BD 

(3) the weight w in the vertical c w. 
These three forces must meet in j 
point, hence the beam will rest with c 
vertically under D. It is also clear that, 
in a scale where w is represented by 2 d c, " 
we have tension of a d = a d 
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CHAPTER III. 

THE LEVER, PARALLEL FORCES, COUPLES. 

43. We pass on to discuss the * principle of the lever,' which 
may follow as a deduction from the parallelogram of forces, 
but which is more simply proved by a method dating back 
many hundred years. 

Definition : A rigid body in which there is a fixed point 
or axis is called a lever, and the fixed point or axis about 
which the lever may turn, is called its fulcrum. 

The name * lever ' is derived from a Latin word signifying 
to raise or elevate \ it is commonly applied to any strong bar, 
such as a crow-bar, used for raising a weight or displacing 
an obstacle. 

The fulcrum divides the lever into two parts called arms\ 
when the arms are straight bars in the same line, we have a 
straight lever ; when the arms meet at an angle, the instru- 
ment is called a bent lever. 

44. Proposition. — To find the condition of equilibrium 
when unequal weights are hung at given distances from the 
fulcrum of a straight lever whose weight is neglected. 

The proof is based on the observed fact that a heavy 
straight rod or bar, of uniform material and section, will 
balance when supported at its middle point 

Let a b represent such a bar whose weight is p + q, 
then a b will balance on a support or fulcrum c, placed 
under its middle point. 

Divide a b in d, so that, 

Weight of a d = p, 

„ DB = Q, 
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Bisect a d, d b in m and n respectively ; then, since a d 
is a uniform rod, its weight may be supposed condensed 
into the centre m, and in like manner the weight of d b 
may be supposed collected at n. 

Hence, if a b in the lower diagram be a rigid rod 
without weighty and weights p and q be hung at m and n, 

A c £ b 



\- ¥ — * 1 — ¥ — 5 




this will not disturb the equilibrium, and the weights P 
and q hanging on a b will replace the heavy uniform bar, 
and will balance on the point c. 

What follows is geometrical reasoning. 

Since cm = ca — am = |ab — |ad = |db, 

and cn = cb — bn = Jab - |bd = |ad, 

.\ DB=.2CM,DA= 2 C N. 

t> PDA 

But — = — . 

Q DB 

. P 2 CN CN 



Q 2 C M CM 

/. P X C M = Q X C N ; 

which is the condition of equilibrium. 

Since, in the lower figure, a b is supposed to be without 
weight, we may now consider the actual lever to be the line 
M c n, the weight of which is neg- 

lected. On this supposition c m, , 1 2s 1 

cn will be arms, c being the ful- JL ^ 

crum, and the weights p and Q will p Q* 

balance ; when, 

p x cm = q x c **• 
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Or, when — = — • 

' Q CM 

Or, when p : Q :: cn : cm. 

These are three different ways of stating the condition 
of equilibrium. 

The converse is also true ; that is, if 

PXCM = QXCN, 

the weights p and Q will balance. * It is possible to reason 
back by the same course reserved. 

Cor. To find the pressure on the fulcrum. 

It is evident that the whole weight of the rod a b rests 
upon the fulcrum, and that the pressure on the fulcrum is 
produced by the weight of the rod and by nothing else. 

Hence, 

Pressure on fulcrum = p + q. 

45. It is now clear that the simple lever may be regarded 
as at rest under the action of three forces, 
viz., p at m, q at n, and p + q at c 

For, the pressure on c being 

S'tQ p+Q, and action and reaction being 

2f T N equal and opposite, there would be 

f £ 1 equilibrium if we supplied at c a 

Y T single force p+q acting upwards. 

Q If this be done the student 

will see that we may take indif- 
ferently either m, c, or n as the fulcrum of the lever. 
Let m be the fulcrum, then 

pxcm=qxcn, 
and QXCm=qxcm, 

.*. (p + q) cm=q (cn + cm)=qxmn ; 

which gives the condition of equilibrium of a lever mcn 
under the forces p + q at c, and q at n, the point m being 
the fulcrum. 

When m is the fulcrum the reaction aX m. svx$\ft&& >fos, 
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downward force p ; hence the pressure on m is also p, and 
acts upwards in a direction parallel to p+Q. 

Or pressure on fulcrum =(p+q)~-q 

=p; 

and acts in direction of the greater force, namely, p+q. 
If n be the fulcrum we have 

(p + q) cn=pxmn, 
and pressure on fulcrum=(p+Q)-P 

=Q, 
and acts upwards in direction of the greater force. 

46. Moment of a force. — In examining the action 
of the lever, it is evident that p tends to turn the lever in 
one direction, and that Q tends to turn it in the opposite 
direction, and these turning effects balance each other. We 
infer from the above proof that the product 

p x arm cm 

measures the turning effect of p acting at an arm c m. 
Thus, a weight 6 at an arm 2 will balance a weight 3 at an 
arm 4, for 6x2=12, and 3x4=12. 

It is next to be observed that so long as p acts per- ' 
pendicularly to the arm c m, the product p x cm remains 
the same whatever be the direction of c m, whether hori- 
zontal or inclined to the vertical at any given angle. It is 
also the same when p acts vertically upwards. 

Since everything depends on this product p x cm, it is 
convenient to give it a name, and we call it the moment of 
p round the fulcrum c. The word 'moment' has a tech- 
nical meaning, and indicates the effect of p as an agent to 
turn the lever. 

If p lbs. acts at arm of 2 feet, the moment of p is 2 p, 
and so on. If p lbs. acts at an arm of a feet, the moment 
of p is p a. 

47- Levers of different kinds. — There are three 
different kinds of lever, marked (i^) (?) (£) vcv ft\a. SSa^ass^ 
the weight of a b being neglected. 



C* i 'b 



a 



J In (2) let w and p both act 

B at the san 
w being n 
P „ of equilibrium will be that the 



at the same side of the fulcrum, 
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In (1) let p act downwards at b and balance w at a, 
then pxcb=wxca. 

A crowbar employed to raise a stone is a lever of the 

first kind. A pair of scissors is 

X C B W a double lever of this kind, the 

f * I joint being the common fulcrum 

Q^ *P of the two levers, and material 

lP(2) to be cut the resistance. 

•V^ LJ w being nearer to c, the condition 

q , I A 3 ' moments are equal, or that w x c a 

B 1 =PXCB. 

D The oar of a boat is a lever 

w of the second kind, the blade of 
the oar in the water being the fulcrum, and the resistance 
being the pressure on the rowlock. 

A wheel-barrow is another example. The centre of the 
wheel is the fulcrum, and the weight w acts at the centre of 
gravity of the load. 

A pair of nut-crackers is a double lever of the second 
kind. 

In this case p must be less than w. 

In (3) let w and p act on the same side of c, but let p be 
nearer to c than w. As before pxcb=wxca. 

The fore-arm of a man is a lever of the third kind. The 
elbow-joint is the fulcrum, the weight w is anything placed 
in the hand, and the contraction of a muscle in the arm 
exerts an upward pull at a point near the elbow-joint. 

A pair of tongs is a double lever of the same kind. 

Here p must be greater than w. 

In (1) the pressure on the fulcrum is p+w acting downwards. 

» \ 2 ) >> » » w— p „ 

„ (j) „ „ „ P-w „ upwards. 
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48. Bent lever. — In a bent lever of the most general 
kind, the arms are inclined at any angle, and the forces act 
at given angles to the arms. 

It has been shown that if c m be the arm of a lever, and 
a force p acts at m in a direction per- 
pendicular to cm, the turning effect or 
moment of p is p x cm. 

In like manner the turning effect of 
q acting perpendicularly to an arm cn 
would be Q x cn. 

Ifp xcm = q xcn there will be equilibrium, what- 
ever be the positions of c m, c n, as in the case of the bent 
lever mcn, where p and q act at right angles to the respective 
arms c m, c n. 

Draw c a, c b inclined at any angle to c m, c n, and let 
acm, b c n represent triangles with rigid sides. Then p may 
act at a, and Q at b without disturbing the equilibrium 
Hence the forces p and q acting on the arms of the bent 
lever acb will balance when pxcm = qxcn. 

That is, when two forces p and q act at any angles on 
the arms of a bent lever a c b, and cm,cn are drawn from 
the fulcrum c, perpendicular to a p, b q respectively, there is 
equilibrium when pxcm = qxcn. 

49. Moments of any number of forces.— The 
product, p x cm, is the moment of p acting on the arm c a, 
at an angle cap. The term moment may be defined with 
greater generality than in Art. 46. 

Definition : The moment of a force is the product of the 
force into its perpendicular distance from the centre of 
motion. 

It is now clear that if any number of forces act upon a 
body to turn it in any direction about a given axis, the 
turning effect of each force is represented by its moment, 
and the whole turning effect is the sum of the moments of 
all the forces. 

The moment of a force being positive \*\\srv ^toa. \sc^kok^ 
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to turn is in one direction, it would be negative when the 
tendency to turn is in the opposite direction. 

Hence we add or subtract moments just as we add or sub- 
tract any other magnitudes of a like kind. Since any number 
of forces acting On a body in one plane may have a resultant 
which produces the same effect as their combined action, it 
is evident that the moment of the resultant of any number 
of forces about a point is equal to the sum of the moments 
of the respective forces about the same point. 

50. The principle of the lever may be stated generally 
as follows : — 

Proposition : If any number of forces acting on a rigid 
body in one plane tend to turn it about a fixed axis, there 
will be equilibrium when the sum of the moments of the 
forces tending to turn the body in one direction is equal to 
the sum of the moments of the forces tending to turn it in the 
opposite direction. 

51. Parallel forces.— The composition and resolu- 
tion of parallel forces may be deduced from the parallelogram 
of forces by employing various artifices, but we prefer to deal 
with this branch of the subject as -an application of the 
principle of the lever. 

Proposition : To find the resultant of two parallel forces 
acting in the same direction on a rigid body, and the point 
where it acts. 

Let p and Q be two parallel forces acting in parallel 
directions m p, n q, upon a rigid body. 

Draw m c n cutting mp, n q, at right angles, and let 
m c n be supposed rigid. (Diagram on next page.) 

Then m c n is a lever, and there must be some point c 
in m n, such that p xcm = q xcn. 

To find c, let c m == x, m n = a. 

Then v x = Q(a — x) =z Qa — qx 

(p + q) x = q a 

x=-*±- (1) 
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Also the pressure on the fulcrum is p + q. 

Hence a single force p + Q acting at c is produced by 
the combined action of p at m, and 

q at n, and is therefore their re- i 1 1 

sultant. That is II t 

R = P + Q, J *b a 

and R acts at the point c, which is given by equation (i). 

This proposition is perfectly general, and if one of the 
forces, as p, acts upwards, we have only to make p negative, 

and we shall have 

Qa 
r = q — p, x = 



Q - p 

If p be greater than q, we shall have both r and x 
negative. 

Ex. : Let p = 10 lbs., and act up- 5 10 

wards, | t 

q= 5 lbs., and act ' — £ — I — £ — ,ir 

downwards. C Jt. | 

Then r = 5 — 10 = — 5, 5 

5 a 5a 

x = — 2 = — ° = — a. 

5-io 5 

Hence c is at a distance a on the left hand of m, also 
R = 5, and acts upwards. 

Definition : The point c is called the centre of the 
parallel forces p and q. 

It is, in fact, the point at which the resultant of p and Q 
may be supposed to act. 

52. Couples. — When p and Q act in opposite direc- 
tions, and Q is equal to p, we have, 

r = p — p = o, 

or a system of two equal and opposite parallel forces has no 
resultant. 

But although such a system has no resultant, in the 
sense that it cannot be represented ty a^vxv^ fotc£V\\.>s>*. 
powerful mechanical agent which \s coxvUivvia^ tqrX \*\ft\* 
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Definition : A pair of equal and opposite parallel forces 
is called a couple. 

Definition : The perpendicular distances between the 
forces is called the arm of the couple. 

Definition : The product of either force into the arm is 
the moment of the couple. 

Let a p, b p, be the directions of two parallel forces p 
and p acting on a rigid body, and constituting a couple. 

Let any straight line a b cut a p, b p at right angles. 

Let e be any point in a b, and suppose a b to be rigid, 
then the turning effect of the forces p, p about the point e is 

PXAE + PXBE, OrPXAB. 

Again, let f be any point in ba produced, then the 
turning effect about f = pxfb — pxfa, 

= p X a b, as before. 

Also, a b is any straight line in the plane of the forces ; 
hence we infer that the action of the couple tends to turn 
the body about any line round which it can turn, provided 
only that this line is perpendicular to the plane in which the 
forces act, and further, that the measure of this tendency to 
turn is the product of p into the arm of the couple, or is 
p x a b, which we have agreed to speak of as the ' moment 
of the couple.' 

53. In the drawing of a screw-press the student will find 
an example of the use of a couple. The bar or handle 
which turns the screw is grasped by the two hands, one at 
each end of the bar. In order to turn the screw there would 
be a pull with one hand and a push with the other ; these 
two forces would be nearly equal, and the turning effect would 
be the product of either force into the distance between the 
parts grasped by the hands. Of course this distance is not 
susceptible of accurate measurement 

If only one hand were used, and a hard pull exerted, the 
tendency would be to upset the apparatus, and that is one 
reason why a double handle is employed. 
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Thus, let a b be the handle, c its centre, p a pulling force 
exerted only at b. Supply at p two equal and opposite forces 
p, p ; this will not affect the action which is taking place. 
Then the two forces cp, bp (marked 
with a cross in order to distinguish 
them) form a couple whose moment is 

p x c b, which is just one half what it c j i 

was before ; and there is left the force I T 

c p, which, acting horizontally towards 3» p 

the person who is pulling at b, tends 
either to upset the apparatus or to carry it off the table on 
which it is placed. 

It is to be noted that when any number of couples act at 
the same time to turn a body about the same axis, the effect 
of the combined action of the couples is represented by 
adding together their respective moments, the negative sign 
being prefixed to any moments which tend to turn the body 
in the opposite direction to that agreed upon as being posi- 
tive. 

54. Resultant of parallel forces.— The method of 

finding the resultant of two parallel forces may be extended 
to any number of forces. 

Proposition : To find the resultant of any number of 
parallel forces. 

Let p, q, s represent three 5 

parallel forces acting on a rigid /19* 

body. 

Let c be the centre of the M 
forces p and Q, found as in y *""* p+J+3 S 

Art. 51, then p + Q is the re- 
sultant of P and q, and acts at the point c given by the 
equation 

A C (p + Q) = Q X A B. 

By a like construction, d is the centre of (p 4- q) and s, 
and is given by the equation 

cd (p + q + s) = sx c^ 
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Also the resultant of (p + q) and s is 

p + Q + s, acting at the point D. 

And the like for four, five, or any greater number of 
parallel forces. 

Hence the resultant of any number of parallel forces is 
the sum of the forces, the negative sign being prefixed to 
any forces which act in the opposite direction to that assumed 
as being positive. 

55- Centre of parallel forces.— The method of 
co-ordinates affords a more easy and practical method of 
finding the position of the centre of any number of parallel 
forces, the term centre being applied to the point where the 
resultant of the forces acts. 

It is proposed in the first place to ascertain the centre 
of three parallel forces by the method of co-ordinates, and 
the general law which applies in any case will then be 
apparent 

Proposition : To find the centre of any number of 
parallel forces acting in one plane on a rigid body. 



K. 


^<t 


I 




P 




"~^^G 


b1 



Let p, q, s be parallel forces acting at the points a, b, d 
of a rigid body. Take o x, oy rectangular axes in the plane 
of the forces ; draw am,bh perpendicular to o x. Let c be 
the centre of the forces p and Q, found ty Art. 5 1, and draw 
c e perpendicular to ox. Also draw kcl parallel to o*, 
meeting the directions of P, Q in K and L. 
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Then pxam=p (km— ak)=pxce— pxa k, 

qxbn=q.(l n + b l)=QXC E + QXBL. 

/. pxam + qxbn=(p+q)ce+qxbl-pxak, 

But by similar triangles we have — = — . 

ak c A 

TJ T 

whence qxbl—pxak=ak (qx — — p). 

A K 

=ak(qx Jl? -P), 

C A 

=^-? (qxcb-pxca! 

CA ' 

But QXCB- PXCA=0, .*. QXBL-PXAK=0, 

whence pxam+qxbn=(p + q) ce, 

In like manner, if g be the centre of the forces (p+q) 
acting at c and s acting at d, and g h, d f be drawn perpen- 
dicular to o x, we shall have 

(p+q)xce + sxdf=(p+q + s) gh, 
or pxam + qxbn + sxdf=(p+Q+s) gh> 

whence the following rule, which clearly applies to any 
number of forces, viz. : 

Multiply each force into its perpendicular distance from 
a given line, as o x, then the sum of such products will be 
equal to the product of the sum of the forces into the 
perpendicular distance of their centre from the same line. 

The magnitudes of the forces and their points of appli- 
cation being known, the distance of the centre from o x can 
be determined, and in like manner, by dropping perpendi- 
culars on oy and proceeding exactly in the same manner 
with reference to that line, the distance of the centre from 
oy can be determined, and its exact position in the plane 
x oy can be ascertained, for we now have determined the 
two rectangular co-ordinates of the centre of parallel forces. 

It is apparent that the position of the centre is quite 
independent of the directions in vfYv\cYv ftv^ loxcfcs wx. 
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CHAPTER IV. 

THE CENTRE OF GRAVITY. 

56. When the parallel forces are the weights of the sepa- 
rate parts of a body, the centre of the forces in action is 
the centre of gravity of the body. 

Definition. — The centre of gravity of a body is that 
point in which the whole weight may be supposed to act, or 
is the centre of parallel forces due to the weights of the 
respective parts of the body. 

Ex. Bodies weighing 1, 3, 5, 7 lbs. are placed at equal 
distances of 1 foot along a given line a b : find their centre 
of gravity. 

A B 

• Q @ © 

13 6 7 

Here the centre of gravity is in the line ab; let x be its 
distance from a, then 

(i + 3 + 5 + 7) x=i X0 + 3X1+5X2 + 7X3 
or 16 x = 34, 

x = ff = y = 2£ feet from a. 

57. Descending tendency of the centre of 

gravity. — It follows from the above definition, that if the 
centre of gravity of a body be a fixed point, and if gravity 
be the only force acting, the body will be at rest in all 
positions ; but we have further to determine what will 
happen when the centre of gravity is not a fixed point, 
although at rest for the time. 
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. Here we remark that, inasmuch as the centre of gravity 
is continually drawn downwards by the force of gravity, it 
always tends to fall or come to a lower level, but never to 
rise. 

Hence we infer that the centre of gravity will not remain 
permanently at rest, if it can begin to move by descending, 
and that it will not alter its position by gravity alone if it is 
compelled to rise or to move in a horizontal line. 

58. Equilibrium of a body on a horizontal 
plane. — This principle of the descending tendency of the 
centre of gravity gives an easy method of determining 
whether a body will stand or fall when placed on a hori- 
zontal plane. All that is necessary to be done is to set out 
a figure and determine from geometrical conditions whether 
the centre of gravity will begin to move, if it move at all, 
by ascending or descending. 

Thus let a B C D be a vertical section through g, the centre 
of gravity of a body resting on a hori- 
zontal plane a b. With radii a g, c b c d 
draw small circular arcs, as shown, and 
draw the verticals a c, b d. 

So long as g lies within the space 
cabd, both these arcs point upwards, 
as indicated by the arrows which are at 
right angles to a g, b g respectively ; or 
the centre of gravity can only move by 
ascending, and therefore, according to the principle stated, 
it will not move at all. 

Draw G h, a vertical through G, cutting a b in H. Then 
if h lies between a and b, the body will stand firmly on the 
horizontal plane, so far as motion in the plane of the paper 
is concerned. 

In order to test fully the equilibrium of a body, vertical 
planes must be drawn in other directions through G, but the 
same reasoning applies, and the body toW sto.4 wj\OT.v»a. 
the vertical through the centre of gt«s\^ feSa -wfiwefc <&*■ 
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base. If, however, the point g lies without the space 
c a b d, let it lie beyond b d, as in the diagram. 

Proceeding as before, it is apparent that g will begin 

to move about b by descending, as 
shown by the arrow drawn at right 
angles to bg, and there is nothing 
to prevent this motion, or the body 
will fall over by turning on the point b. 
The like would be true if the centre 
of gravity were on the left of a c. 
Hence, a body will not stand 
upon a horizontal plane if the vertical through its centre 
of gravity falls without the base. It is also apparent that 
when the centre g lies either in a c or bd, it tends to move 
in a horizontal line, and the body will not fall, although it 
may be easily disturbed. 

For simplicity, we have considered the case of a body 
resting on a horizontal plane, but the same reasoning 
applies when a body rests on an inclined plane, the nature 
of the surfaces in contact being such that no sliding or 
slipping takes place. The conclusion is perfectly general, 
and the body will not fall over so long as the vertical 
through its centre of gravity falls within the base. 

59. Stable and unstable equilibrium.— The student 
will now be able to understand fully the distinction between 
stable and unstable equilibrium. 

A body is in stable equilibrium if, when it is slightly 
disturbed from its position of rest, it comes back again to 
that position, and is in unstable equilibrium when, under like 
circumstances, it moves away altogether from that position. 

The general law may be stated as follows : — 

The equilibrium of a body is stable or unstable, according 
as its centre of gravity is in its highest or lowest position. 

Where a body is at rest with the centre of gravity in its 

lowest position, the equilibrium can be no other than 

stable, for any disturbance must raise that centre, where- 
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upon the force of gravity will bring it down again to its 
former position. 

Also, a body always rests in stable equilibrium when its 
centre of gravity lies below the point on which it is sup- 
ported. In this case any disturbance would raise the centre, 
whereupon gravity would bring it back again to the old 
position. 

But if the centre of gravity be in its highest position, 
and the body be slightly disturbed from the position of rest, 
the centre has thereby fallen to a lower level. The action 
of gravity is to bring this centre lower and not to raise it, 
and therefore the body will move away from the position of 
rest. In such a case equilibrium is unstable. 

As a matter of fact, a body never does rest in a position 
of unstable equilibrium. There is theoretically a position 
of rest, but practically it is unattainable. It is the old problem 
of making an egg stand upon one end on a plate. ■ 

There is an intermediate case of which examples are 
common enough — namely, where, after a slight disturbance 
from the position of rest, the body has no tendency to move, 
either back to its original position or away from it. 

In such a case the equilibrium is neutral^ and the test 
is, either that the centre of gravity does not move at all, or 
that it moves in a horizontal line. 

The first case occurs where a body is suspended on a 
line passing through its centre of gravity, whereas an example 
of the second case would be seen where a cylinder or a 
sphere lies upon a horizontal plane. Any position is one of 
equilibrium, the cylinder or the ball will not roll if merely 
shaken a little. 

60. Examples. — The centre of gravity of a body may 
be found in a few simple cases by geometry, of which ex- 
amples will be given. The centre of gravity of a plane figure 
of any shape, such as a piece of cardboard, or the like, may 
be found by experiment. 

It has been seen that, when abo&^\vaxv%* ^as^ecAft^tosia. 
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t g parallel to a d, then the centre of gravity of a b d c lies 
somewhere in t g. 

Therefore the required centre of gravity lies in g, the 
point of intersection of t g and r g. 

63. To find the centre of gravity of a pentagon. 

Let a b c d e be a pentagon, join ad, b d, and take p, the 
D centre of gravity of triangle aed, 

and q the centre of gravity of 
quadrilateral adcb, and join p q. 
Thus the centre of gravity of the 
whole figure lies in pq. Again, 
take r, the centre of gravity of 
triangle bdc, and s the centre of 
gravity of quadrilateral aedb, and 
join r s. 
Then the centre of gravity of the whole figure lies in s r ; 
the point g, in which pq, sr intersect, is the centre of 
gravity of the pentagon. 

64. From a square abdc, whose centre is e, the square 
M e c n is cut away. Find the centre of gravity of the re- 
mainder. 

Join a c, then the point required must lie in a c. Let 

it be g, and draw g h perpendicular 
to a b. Also let g be the centre of 
m n, and draw g/i, er perpendicular 

to A B. 

Then, by property of the centre 
of gravity, 

ABCD X ER = MN X g h 
+ M A N X G H. 







Let 



ab = «, then a b c d = a 2 , m n = — , 

4 



MAN = a 



— „2 



?* = K^=-+" = 



:a* x 



a 
2 



a l 
4 



= — X 



4 

3f 

4 



a _ 3*. 
4~7' 



+ 



30 



2 



X GH, 
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or 


80 = 30 + 12 GH, 


or 


12 GH = 50, 




GH = 5f. 



12 

In like manner ah = 5_?, whence g is known. It is, 

12 

therefore, apparent that ag= * a c. 

12 

This may be proved in a different manner. 

Thus ABCD X AE = MN X A£*-f MAN X AG, 
Or fl a X - AC=- X^AC+ ?— X A G, 

2 4 4 4 

or 8ac = 3AC+i2AG, 

whence ag = ^ x a c. 

12 

65. We conclude this chapter with a proposition to be 
found in most books on mechanics, namely : — 

If g be the centre of gravity of a triangle a b c, the forces 
represented in magnitude and 
direction by the lines ga, 
g b, g c will keep the point g 
at rest 

The proof is the follow- 
ing :— 

Since g a is equivalent to 
g e, e a, and g b is equivalent to ge,e b, therefore g a, 
g b are equivalent to a e, e b and 2 g e. 

But a e = e b .'. the forces a e, e b balance .". ga, gb 
are equivalent to 2 g e. 

But it has been proved that g c = 2 g e /. the forces 
g a, g b, g c are in equilibrium when acting on the point g. 
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CHAPTER V. 



THE CONVERSION OF MOTION. 

66. It is now time to begin the study of circular motion, 
from which so many of the movements in machinery are 
derived, and our first object will be to show that the circulai 
motion of a point is capable of being resolved into two 
simple straight line motions. 

To prove this we apply the system of co-ordinates (Art. 25). 

Let p be a point moving 
uniformly in a circle whose 
centre is c; ocd, b c e two 
diameters at right angles ; o x, 
oy being rectangular axes. Join 
p c, and draw pn,pm perpen- 
dicular to o c, c b respectively. 
As stated in Art. 30, the point 
N is called the projection of p 
on oc, and as p travels from 
o to b, n travels from o to c. 
In like manner, m is the projection of p on bc, and 
travels from c to b, while p describes the curve o b. 

Hence, if a point p receives at the same time the motion 
of n along o x and that of m parallel to oy, it will describe 
the circular arc o p. That is, circular motion is made up of 
two simple motions, viz. of the points n and m, and it may 
be resolved into the components o n and n p. 

Circular may be resolved into reciprocating motion by 
suppressing one of these components and retaining the 
other. 




The Conversion of Motion. 
67. Let us, for example, suppress the motion parallel to 



This may be done 




oy, and retain only the motion of 
by the contrivance shown in the 
diagram, which represents a model 
used in the normal school. A pin 
p fastened to a circular disc, is rotated 
round c by a handle at the back of 
the model. A horizontal slotted bar 
ef is attached to a vertical bar, 
a B D, moving in guides at a and b. 

As P rotates, the motion along 
e f is rendered inoperative or is sup- 
pressed, and the other motion, viz. 
that of the point n, is retained and 
imparted directly to the sliding bar 



Thus the circular motion of p is resolved into a recipro- 
cating motion, and the sliding bar A d copies exactly the 
motion of the point N. 

As p goes round in a complete circle (see diagram, p. 58) 
N moves to and fro along the diameter o c D. The motion of 
p being uniform, that of n is variable. The point N begins 
its motion from rest, attains its greatest velocity when it 
comes to c ; after passing c its velocity becomes less until 
the point d is reached, and n commences the return motion. 

68. The resolution of circular into reciprocating motion 
in the manner pointed out can be easily rendered apparent 
by placing a silvered bead on one side of the rim of a small 
wheel mounted on an axis. 

If the wheel be set spinning with its face towards the 
observer, the bead will describe a circle, whereas when looked 
at edgeways, the bead will appear to move to and fro in 
a line, which may be horizontal or vertical, according 
to circumstances. Thus the motion of n or m may be 
realised. 

The term harmonic wion'tmhasWeTi^^^^'v^'s**- 
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the motion of n, because the end of the prong of a vibrating 
tuning-fork has this motion when sounding a note. 

There is no space to discuss the subject fully, but we 
mention the term because it is now in common use. 

Also when n is at c, M is at b, and, taken as a whole, 
\he motion of m is identical with that of n. 

The student should note that the points m and n, each 
of which has a separate harmonic motion, do not start 
together. On the contrary, m is in the middle of its swing 
when n is just beginning to move. Circular motion is only 
possible when the two simple motions are properly timed, 
one must have a start of half a swing before the other. If 
both m and n started together, p would describe a straight 
line and not a circle. 

69. To find the velocity of n. 

Let p t represent the velocity of p at any instant, and 

draw pn, tn' perpendicular to oc. 
Also draw p r perpendicular to t n'. 

Then n n' is the resolved part of 
p t along o c, whence 

vel. ofN nn' _ pr _ pn 

" PT "" 




vel. of p p t 



PC 



From which equation the velocity 
of n is known in terms of that of p. 

70. Measurement of angular velocity. — Before 
going further it is necessary to agree upon a method of 

measuring circular motion. 

For this purpose, let the diagram 
represent a circle whose centre is c. 
Let oc be a fixed line, p and q any 
two points in the circumference, and d 
a point such that arc o d = radius o c. 
Join pc, dc, and q c. Then 

angle ocp _op __ op _ arc 
angle ocd o d o c radius 
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If we select as a unit the angle o c d, which it will be 
quite proper to do, inasmuch as it is an invariable magnitude, 
we have o c d = i, and 

^ ^ r, ° p arc 

ocp= — = 



o c radius* 

We thus obtain a simple measure of the magnitude of 

an angle, for taking the vertex of the angle o c p as a centre, 

and drawing a circle of any radius, as in the figure, we 

o p 
express the magnitude of the angle o c p by the ratio — 

Definition : The angle subtended at the centre of a 
circle by an arc equal to the radius is the unit of circular 
measure. 

When an angle is expressed in terms of this unit, it is 
said to be expressed in circular measure. 

It is easy to see that 

, 180 180 , 

angle ocd = = -- = 57*29577 degrees. 

71. It is now competent for us to estimate the velocity 
of a point moving in a circle from a new point of view. 

Referring to Art. 70, let p describe the circle odq with 
a uniform velocity v. 

Then v is the arc described by p in one second. But it 
is clear that while p is describing a given arc, the radius cp 
is describing a given angle, and that the motion of p is 
shown by the angle which c p describes in one second. 

Take c o as a fixed line of reference, then the rate of 
change of the angle o c p is called the angular velocity of c p. 

Angular velocity may be uniform or variable ; and if it 
be uniform, it is measured by the angle described in a unit 
of time. 

The unit of time is always one second, unless the con- 
trary be expressed. 

It is the universal practice to appropriate ^X\fc CktfcsS*. 
letter a> (omega) for expressing t\ve mil o\ m-^iNax n€k*3&v 
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Following this notation, let o p be the arc described by 

p in one second, when moving uniformly in the circle opq. 

Let v = the velocity of p. 

r = radius of the circle. 

Then 

arc op 



OCP = 



radius o c 



or to = -, 

r 

whence v = w r, 

which is the equation connecting the uniform linear velocity 
of p with the uniform angular velocity of c p. 

When variable, the angular velocity of c p is measured 
by the angle which would be described in a unit of time, if 
c p retained throughout that unit the motion it has at the 
instant considered. 

72. Transfer of circular motion. — In dealing with 

circular motion one of two things may be done. 

1. We may draw the circular motion from the circum 
ference of the circle, as we should draw off a piece of string 
from a reel on which it has been wound. 

2. We may suppress one of the two components of the 
circular motion, and may take the other in the form of a 
simple harmonic motion. 

Each method leads to a variety of useful mechanisms. 
The first is carried out in toothed wheels and in the numerous 
pulleys with bands or straps running on them which may be 
seen in a workshop, while the second exercises the skill 
of the mechanician in devising combinations where these 
movements play an important part 

73. We proceed to examine the method of transferring 
circular motion from one rotating disc to another. 

This may be done by actual rolling contact. 
Let there be two rolling discs, a and b, turning on 
parallel axes, and having their edges in contact. 

It is evident that if a and b wete properly constructed and 
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very accurately adjusted, it would be quite possible for a to 
move b by friction alone, the two discs rolling smoothly and 
evenly upon each other without any slipping of the surfaces 
in contact. But we could not expect a to overcome any 
great resistance to motion in b, or, in other words, we could 
not in practice convey any considerable amount of force by 
the action of one disc upon the other. 

74. Proposition : When two circles roll together, their uni- 
form angular velocities are inversely as the radii of the circles. 

Let two circles, centred at a and b, move by rolling 
contact through the corresponding 
angles pad and dbq. f ^p 

Let a d = a, d b = b. 

mi P D Q D 

Then pad= — , qbd = — , 

a b 

and pd=qd 

■g ut angular vel. of circle a _ pad 

angular vel. of circle b"qbd 

__ PD QD 

"" a ' b 
_ b 

a 

which proves the proposition. 

Let a make a complete revolution, then 2 ir a is the 
length of the circumference of a, and 2 ir b is the length of 
the circumference of b. 

Hence, if a be less than b, b will rotate through an angle 
which is to four right angles as 

2 ir a : 2 7r b. 
or b will make a fraction of a revolution given by 

2 7r a ^ a 
or -; 

2irb y 

That is, when a makes one revolution, 

b makes T of a tevoVuXXoYu 

D 
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75. Toothed wheels. — The transmission of force 
being an essential condition in machinery, the discs a and b 

are provided with teeth, as 
shown, the two dotted circles 
representing two imaginary cir- 
cles, called //&# circles, which, 
if the teeth be properly made, 
will roll truly upon one another 
during the motion. 

This matter should be well 
understood, the actual projec- 
tions come in contact at dif- 
ferent points, and are perpetually rubbing and grinding upon 
each other. We cannot prevent their doing so, but we can 
apply certain geometrical rules for shaping the teeth whereby 
we shall provide that, whatever may be the action of the 
individual teeth, the pitch circles will roll upon each other 
without any slipping or irregular action. 

Definition : The pitch circles of two wheels are two 
circles which represent, by rolling in contact, the actual 
motion of the wheels when working together. 

Ex. : Suppose that the two axes, at a distance of 16 
inches, are to be connected by wheelwork, and are required 
to rotate with velocities in the proportion of 3 to 5. Two 
circles, centred upon the respective axes, and having radii 
6 and 10 inches, would, by rolling contact, move with the 
desired relative velocity, and would be the pitch circles of 
the wheels in question. Hence, the pitch circles are deter- 
mined in the first instance, and in a mechanical drawing 
where combinations of wheelwork occur, it is usual to re- 
present wheels by their pitch circles. 

When the number of teeth upon a wheel is indefinitely 
increased, the wheel itself degenerates into the pitch circle. 
Definition : The pitch of a tooth is the space a c upon 
the pitch circle cut off by corresponding edges of two con- 
secutive teeth. 
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So much of the tooth as lies within the pitch circle is 
called its root ox flank, and the part ouside the pitch circle 
is called the point or addendum. 

Let n be the number of teeth upon a wheel, 

d the diameter of pitch circle, p the pitch of a tooth, then, 

n p = circumference of pitch circle = ir d. 

It follows that the numbers of teeth in a set of wheels in 
gear will be directly as the diameters of the pitch circles of 
the respective wheels. 

The wheels, of which a portion is shown in the diagram, p. 
64, are called spur wheels, and are those in which the teeth 
project radially along the circumference. 

In zface wheel, cogs or pins, acting as teeth, are fastened 
perpendicularly to the plane of the wheel. 

In a crown wheel the teeth are cut on the edge of a 
circular band. 

An annular wheel has its teeth formed upon the inside 
of an annulus or ring instead of upon its outer circumference. 

A rack is a straight bar provided with teeth, and a wheel 
with a small number of teeth is called opinion. 

Gearing and gear are words used to indicate the com- 
bination of any number of parts in a machine working 
together for a common object 

Toothed wheels are said to be in gear when they are 
capable of moving each other, and out of gear when they 
are shifted into a position where the teeth cease to act 

The term axis, in its strict meaning, denotes the central 
line of a cylinder, and is a mathematical phrase. An engi- 
neer distinguishes a heavy cylindrical piece of metal as 
shafting or a shaft, and applies the term spindles to smaller 
cylindrical bars ; a wheelwright speaks of the axle of a 
wheel as the piece on which it turns, whereas a watchmaker 
discards the term axle and calls the same thing an arbor. 

The axle of a wheel is commonly a cylindrical bar running 
completely through the wheel, and supported at both end& 
on cylindrical hollow bearings vrt\\c\\ fix. \>cv^ &&SX. «sA. «^- 
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velope it closely, any motion endways being prevented by 
collars or shoulders upon the shaft. 

Of two moving pieces that which transmits motion is 
termed the driver^ and that which receives it is the follower. 

Belts or bands. — Circular motion may be transferred 
from one rotating disc to another by means of belts or cords, 
otherwise called bands. 





The principle of this most common method of transferring 
motion, is shown in the diagram where a and b represent two 
circular discs at a small distance from each other, connected 
by an endless cord which does not slip upon the discs. This 
cord or band is a common tangent to each disc, and the two 
parts may or may not cross as shown. It is apparent that 
the direction of rotation of b will be the same as that of a 
when the tangents do not cross, and will be opposite to that 
of a when they do cross. 

Thus, a may drive b in the same or in opposite directions 
at pleasure. Also the velocity of b may be varied by altering 
the relative sizes of the two discs. 

For example, let diameter of A=i2 inches, and diameter 
of b=9 inches. Since the band is not supposed to slip, the 
motion of b is the same as if it rolled directly upon it. 

Hence angular vel. of a = 9 =3 

angular vel. of b 12 4 

Or if a makes 60 revolutions in a given time, b will make 
-J x 60 or 80 revolutions in the same time. 

Fast and loose pulleys. — In practice the discs of 
which we have spoken are pulleys, and where the band is a 
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flat strap or belt, as is common when machinery is driven by 
steam-power, the contrivance known as fast and loose pulleys 
is introduced. Such pulleys are shown in the diagram, and 
marked a and b ; they are made of 
iron, with a flat rim on which the 
band runs. The fast pulley a is keyed 
to the shaft cd, and b rides loose 
upon it. 

e f is the driving shaft to which 
a drum is keyed, and the object of 
the contrivance is to impart motion to 
cd at pleasure, the driver ef being 
kept continually rotating by the steam 
engine or other motor. The pulley 
a being keyed upon the shaft, and b 
running loose, the shaft c d will rotate 
when the strap is on a, but . will stop when the strap is 
shifted to b, and the machinery connected with cd will 
remain at rest also. 

This is a most useful contrivance, but to render it effec- 
tive two things are necessary. 

i. There must be a ready means of shifting the strap 
from a to b. This is done by a forked lever, between the 
prongs of which the strap runs. A little consideration will 
show that in order to shift the strap it must be pressed by 
the fork on the advancing side, and not after it has left the 
pulley. The strap adheres by friction to the surface, and 
the fork must act on the part which is coming up to the 
pulley in order to carry it on one side laterally. 

2. The strap must not slip off. To prevent this, espe- 
cially when the pulley runs at a high speed, the rim is made 
a little rounded or convex. It is an experimental fact that if 
a tight strap or belt be running upon a cone, it will con- 
tinually tend to mount up the slant side and to get as near 
to the base of the cone as possible. This is the orj^osite 
to what one might expect before try\tv% \\. > mA «w» ^* 

^ 7. 



68 Manual of Mechanics. 

bably from the fact that the belt, which is somewhat elastic, 
tends to lie flat on the slant surface of the cone, whereby 
the advancing edge is continually brought a little nearer 
to the base, and so runs up instead of slipping off. Hence 
in a convex pulley, the strap keeps on the top of the convex 
portion, which is the middle of the pulley. 

In light machinery round cords, commonly made of 
catgut, are employed. They are called bands, and are 
provided with a hook and eye to make them continuous. 
They run in grooved pulleys, as a round cord has no ten- 
dency to run out of a groove. There is no ready mode of 
. shifting them, as in the case of flat straps. 

76. Guide pulleys. —When it is desired to shift the 
direction of a band from one line a b to another line c d, 
intersecting it at any angle, a guide pulley is used. This is 
simply a pulley so placed that the plane of the disc of the 
pulley lies in the plane in which the lines a b, c d are 
situated. In that case the advancing side of the band must 
always remain in the plane of the guide pulley, and the band 
has no tendency to run off. 

If the lines a b, c d do not intersect, we can always 
draw a line, e f, intersecting them at some points, e and f, 
and can insert one guide pulley at e, having its plane coinci- 
dent with the plane a e f, and can introduce a second guide 
pulley at f having its plane coincident with the plane efd, 
and thus the cord will run securely upon the two guide 
pulleys and carry on the motion from the line ab to the 
line c d. 

Bevel wheels. — The spur wheels, already described, 
are suited to convey motion only between parallel axes. It 
often happens, however, that the axes concerned in any 
movement are not parallel, and as a consequence they may, 
or may not, meet in a point. If the axes do not intersect, 
we proceed by successive steps and continually introduce 
intermediate intersecting axes, and thus we are led to the 
use of inclined wheels whose axes meet each other, and 
which are known as bevel wheels. 
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In order to understand the principle on which bevel 
wheels are constructed, we proceed to inquire into the 
rolling action which is possible between two cones. 

The cones with which we are concerned are right cones, 
such as are shown in the diagram ; where, for example, the 
cone c d h is produced by the 
rotation of the right-angled tri- 
angle cdm round the axis cm, 
the slant side cd sweeping out 
the slant surface of a cone having 
a circular base of radius, m d. 

A little consideration, or, what 
is better for beginners, an experi- 
mental trial with two small cones 
properly mounted, will show that 
two right cones which have a common vertex, such as those 
sketched in the diagram, will roll together without any 
sliding or slipping of the surfaces in contact. 





Hence, if two portions of right cones, such as l n, n r, 
have a common vertex, o, they will roll together, and will 
communicate motion from the axis o l to the axis o n. 

The surfaces lm,nr are called pitch cones, and just as, 
in the case of spur wheels, we formed tee\k\\^w\.^^axt<^ 
pitch circles capable of imparting mouow. \>fcte«*K^ ns*^ 
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parallel axes, so, in the case now before us, we may form 
teeth upon a pair of pitch cones as indicated in the diagram, 
and the teeth so formed will, if rightly made, communicate 
a smooth and uniform motion from one axis, o l, to another, 
o n, inclined to it at a given angle, which in this case is a 
right angle. 

If the student will carefully examine the action of two 
bevel wheels in gear, he will always be able to trace the 
existence of the ideal cones to which we have referred, and 
will find the position of the common vertex in the imaginary 
line of intersection of the axes of the two pieces of shafting 
on which the respective bevel wheels are fixed 

Equal bevel wheels, whose axes are at right angles, are 
technically known as mitre wheels. 

The wheels here spoken of are ordinary bevel wheels, 
which are so commonly used in machinery, but there are 
other forms of bevel wheels, known as skew bevels, from the 
twisted appearance of their teeth, to which the rules above 
stated do not apply. There is not space here to discuss the 
subject of skew bevels. 
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CHAPTER VI. 

PRINCIPLE OF WORK — FRICTION. 

77. Work is done when a weight is raised in opposition 
to the force of gravity. 

This is the simplest conception we can form of what is 
meant by work, and is that from which the measure of work 
is derived. 

Unless the contrary be stated, the weight raised is 
measured in pounds, and the height to which it is lifted is 
measured in feet. 

Definition : The unit of work is the work done in lifting 
one pound through a height of one foot, and is called a. foot- 
pound. 

The student will readily understand that this unit is 
properly selected. Thus, in raising 1 lb. through 1 foot we 
do a certain amount of work, and in raising 2 lbs. through 
1 foot we do twice as much work, and so on. Again, if 
we raise 1 lb. through 2 feet we do twice as much work 
as if we raised it through 1 foot, and so on. 

Hence by the rule-of-three principle work is estimated 
by the product of the number of pounds raised into the 
height through which it is raised. Thus the work done in 
raising 10 lbs. through a height of 5 feet is 5 x 10 or 50 
foot-pounds. 

78. Generally \ work is done by a force, when some 
resistance is continually overcome, whereby the point of 
application of the force is continually mov^d x^W\\V^\asN^ 
mg the resistance. 
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Thus, let d e represent completely a force p acting at d, 
and let the force move the point d from a to d against some 
resistance. 

Draw e m perpendicular to ad 
produced, then d m is the resolved 
part of p along a d. 

And work done by p = a d x dm, 
where a d is expressed in feet, 
and dm „ „ pounds, 
the answer being a given number of foot-pounds. 

If p acted perpendicularly to a d, it would do no work 
while d was moved along a d, but the work done would be 
due to the action of some other force not before the student. 

79. Definition : The term pouter is applied to the rate 
of doing work. 

Watt estimated that the sustained work of a horse con- 
tinued for one minute would raise 33,000 lbs. through one 
foot in one minute, or that 33,000 foot-pounds represented 
the rate of work of a horse per minute. 

The number 33,000 foot-pounds is the unit of horse 
power, and is employed for measuring the work of a steam- 
engine which continues to act minute after minute. If an 
engine is working at 10 horse power, it will, by acting con- 
tinuously at a uniform rate, perform in each minute the 
work of 10 x 33,000 foot-pounds. 

The rate at which a man can do work per minute is 
taken at 3,300 foot-pounds, or -^ that of a horse, but it 
varies considerably. 

80. The principle of work. — We come now to the 
principle of work, which is of the highest importance in 
solving mechanical problems, and in order to form an idea 
of what it means, let us take a simple case. 

Conceive that there is before us a delicate balance, 

carefully poised, and with equal weights in the respective 

scale pans. It would be found that either end of the beam 

would rise or fall on the slightest touch ', xYvaX Vs \o *a^ ^s. 
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should find there was no work to be done in lifting one 
scale pan while the other went down. The forces in action 
balance among themselves, and oppose no resistance to any 
external force, such as the supposed touch of the finger on 
the beam of the balance. 

Or suspend two equal weights p, p, on a fine string 
passing over a light wheel a, which has a grooved rim and 
can turn very easily on a support through its . 
centre. 

In this case, if one of the weights be raised 
one inch, the other will fall one inch, and the -. 

. "p n 

system will be in equilibrium after the movement 
just as it was before it. The weights are equal, j||p 

and pull in opposite ways at equal distances 
from the centre of the wheel. We can readily see that a 
single force may do work, but we cannot conceive the possi- 
bility that two equal and opposite forces can, under these 
circumstances, do anything but counteract each other. The 
principle of work expresses this fact in general terms, and 
is the following : 

Proposition : If a system of bodies be at rest under the 
action of any forces, and be moved a very little, no work will 
be done. 

Conversely : If no work is done during this small move- 
ment, the forces are in equilibrium. 

No elementary proof of this general proposition has yet 
been invented. It is, however, quite in accordance with 
all experience that a system of balancing forces should be 
regarded as incapable of doing work. Also if work be done 
when a weight is raised, then work is undone when the same 
or an equal weight is let down lo the original level. It is 
as if money were paid into a bank in the one case and 
drawn out in the other. In the system of two equal weights 
hanging over a pulley the work done in raising p through 
an inch on the one side is immediately \o*\. ot *a^K»&Rk> 
by allowing p to descend an inch on \Vve o\ket «&&• 
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Hence work done may be positive or negative. Work 
is positive when a weight is raised, and negative when it 
is allowed to descend. Or, generally, referring to Art. 78, 
positive work is done when d is moved from a to d, and 
negative work is done when d is moved back again from d 
to a. In order that d may return to a the force p must be 
overpowered, and the work previously done is lost. 

81. As an example we refer to a lever acb, in which a 
weight p hung at a balances a weight q hung at b. For 
simplicity, suppose the lever to be without weight, or else 

that one arm is loaded so that 
it balances on the fulcrum c 
when p and q are removed. 
Tilt the lever through a small 
angle into the position acb, 
and let the directions of p and q cut a c b in ;;/ and n re- 
spectively. 
Then the point at which p acts describes a vertical space ma, 

and » » Q „ „ „ nb. 

Therefore work done on p = p x ma 
» » by q = q x /* b, 
and these are equal, /. p x ma = q x nb 

p _. nb_ __cb _cb 
Q ma ca"~~ cP 

which is the well-known condition of equilibrium on the 
lever. 

82. The laws of friction.-— All bodies are rough more 
or less, and when placed in contact with each other they 
exert a resistance to sliding motion which is called friction. 
The French writers on mechanics call friction a. passive resist- 
ance, because it is only brought into play when an attempt 
is made to move one body over another. 

Friction is of great utility in some cases, and in others 

it is a source of waste and expense. Without friction an 

arch would not stand, a nail or a screw wovAd b& vs&\es&, 
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and a railway train could not leave a station, but in parts of 
machinery where pieces are revolving, friction is a direct 
loss of power, and the object of the mechanician is to reduce 
it as much as possible. 

Up to the present time we have only considered the 
lever as a mechanical instrument, and have taken no notice 
of the resistance to motion which takes place at its point of 
support, viz. the fulcrum, which is often a cylindrical pin 
working in a cylindrical support or bearing. 

In the discussion of the machines and parts of machines 
which is to follow, no notice whatever is taken of the re- 
sistance of friction, inasmuch as there is not space to enter 
into this subject fully, and the student could not master 
the difficulties to be encountered until after some preliminary 
training in mathematics. 

We proceed to state the laws of friction (as they are 
termed) when one body rests upon another, and remark 
that these laws are only approximately true, and present 
nothing more than a general idea of the action of frictional 
resistance. 

(i.) The resistance of friction acts in the opposite direc- 
tion to that in which the body slides or tends to slide. 

(2.) The resistance of friction, when the body is on the 
point of sliding, is always a certain fraction of the pressure 
between the surfaces in contact. This fraction is called the 
coefficient of friction. 

It is usual to denote this coefficient by the Greek letter 
ft (corresponding to ;;/), whereby, if p be the pressure between 
two surfaces, the resistance of friction = //, p. 

It is stated that — 

fx = # o8 for metals on metals with oil. 
/x = '17 for metals without oil. 
fx = # 3 3 for wood on wood 
fx = '65 for dry masonry. 

(3.) When the force tending to make\.W\*A^ ^A&>& 
less than this fraction of the pressuie, \>cve\>o&3 ^^xsxask^ 
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at rest ; when it is greater, the body will slide if it be 
shaken or disturbed a little so as to overcome the adhesion 
which comes into play when two bodies rest in contact 
This adhesion somewhat increases the effect of friction. 

Laws 2 and 3 may be shown approximately by experiment 
as follows : — On a firm horizontal table there is placed a 
slab of the material selected, say cast iron, and upon it is 

placed another small slab, a, of 

the material to be tested in relation 

thereto. The slab a is attached 

to a weight by a fine silk cord 

passing over a pulley at d, as shown. 

The slab is loaded with different weights, and the 

amount of the hanging weight, f, which will just cause a to 

slide, is tested, the table being tapped to avoid the effect of 

adhesion. 

(4.) The resistance of friction is independent of the extent 
of the surfaces in contact. 

This follows from the law that the friction is a certain 
fraction of the pressure between the surfaces. 

Thus let a body of weight, w, rest upon two flat por- 
tions a and b, and let p be the pressure on a, q the pressure 
on b. Then 

p + Q = w. 
But friction at a = fi p, friction at b = p q. 
Therefore, total friction = //, p -f //, q 

= h (p + Q) 

= /LtW. 

Again, if there were three supports, the total friction 
would still be /x w, which is quite independent of the amount 
of surface in contact. 

Note. — This law only applies when flat surfaces are 

pressed together by a force which is external to the bodies. 

It does not apply to the case of the friction of a piston moving 

in the steam cylinder of an engine, or to the case of water 

moving along a pipe. 



The Laws of Friction. 



77 



(5.) The friction is independent of the velocity when 
there is motion. 




The drawing shows an apparatus belonging to the Normal 
School, with which this law may be illustrated. 

The surfaces, whose frictional resistance, when rubbing 
under pressure at different velocities, is to be tested, are the 
flat piece, d, and the cylinder, f. 

The piece, d, is connected by a cord to a small rack, h, 
and a spring, s. The rack gears with a pinion attached to 
a pointer, p, the end of which travels over a graduated 
scale. 

Above the sliding piece is a lever, a b, having a fulcrum 
at a and a small roller at q. To the end, b, are hung 
different weights, such as w, which press the roller, q, upon 
the sliding piece, d, and thus cause d to press upon f. In- 
asmuch as q turns very easily on its axis, there is no 
sensible resistance to the sliding of d upon f by reason of 
the contact and pressure of the lever, ab. If q were merely 
a fixed projection, the friction between it and d would 
obviously vitiate the result. 

The method of experimenting with the model is as 
follows : 

Remove w, when the weight of a b will cause a slight 
pressure between the lower surface of d and that of the 
roller, f. On turning the handle, h m, in the dvres&ss&. <& 
the arrow, the piece, d, will tend 16 mo\e Xorcrnd^ ^rr\*. 
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and exert a slight pull on the string, d h. The graduated 
scale is so set that the index-finger, p, now points to zero. 

Next let a weight of (say) 7 lbs. be hung at b, when there 
will be a much increased pressure on q, due to the leverage 
of the arm, bqa, and the pressure between d and f being 
increased, there will be a proportionate increase in the 
friction, whereby, on turning the handle, the pull on the 
string, d h, will be increased, and the index-finger, p, will 
move a certain distance along the scale. Again, suspend 
14 lbs. at B and turn the handle, when it will be found that 
the index-finger travels through twice the distance along 
the scale. This exhibits the law that the friction is propor- 
tional to the pressure. 

But, further, the apparatus shows that the friction is 
independent of the velocity when there is motion, for with 
any given weight hung at b, the index, p, remains very 
nearly in the same position on the scale whether the handle 
be turned slowly, or as rapidly as we please. 

Experiments which have recently been made at the 
Institution of Mechanical Engineers appear to show that 
when a loaded shaft is rotating in its bearing the friction 
increases with an increase of velocity after a surface speed 
of 100 to 150 feet per minute has been obtained. 

83. The angle of friction, often called « the angle 
of repose,' is an important quantity in studying the laws of 
friction, as we shall now endeavour to make clear. It has 
been stated that the coefficient of friction is the ratio of 
f to w, where f is the friction, and w the mutual pressure 
between the surfaces. We proceed to show that the 
coefficient of friction may be found experimentally by a 
distinct method founded on the principle of the inclined 
plane. 

If a body with a rough surface be placed upon a hori- 
zontal plane which is provided with a hinge so as to be 
capable of being set at different angles to the horizon, it 
will be found that there is some particular inclination^ de- 
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pendent on the surfaces in contact, at which the body will 
begin to slide when somewhat shaken or disturbed. 

The diagram represents a body so placed, the per- 
pendicular pressure between the 
body and the plane being r, 
and the friction being f. Draw 
c e perpendicular to a b, then, 

F BE BC 




R 



CE 



AC 



Hence the coefficient of friction 



B C 

= — , and this ratio is 

AC 

Jcnown when bac is determined. It has been agreed to 
call b a c the angle of repose or the angle of friction, and 
when b a c is known we can by construction deduce the 
coefficient of friction. 

Ex. : Let bac= io°, then coefficient of friction = *i8. 

84. The angle of resistance. — It has been explained 
that, when a body rests upon a plane, the pressure which it 
exerts on the plane is called action, and the support which 
it receives from the plane is called reaction, and these are 
equal and opposite. 

The student will understand that if a surface be perfectly 
smooth it can offer no resistance in any direction except in 
a line perpendicular to itself, or that the reaction of a smooth 
surface must always be felt in a line perpendicular to the 
surface. 

But with a rough body the case is different. It is matter 
of common experience, that if a rough body, a (whose weight 
is neglected), rests on a plane, c e, and a 
pressure, p, be exerted upon a in an 
oblique direction, the body will not begin 
to slide until the direction of p has been 
tilted through a considerable angle, such 

as B A D. 

Let d a represent p in magnitude and 
direction, draw d e perpendicular to t\ve \tax&<> n^&tv 
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d k represents the pressure on the plane 

e a „ „ force tending to produce motion. 

So long as e a is counteracted by friction the body will 
not move. 

But the greatest value of the resistance of friction 
= (coefficient of friction) xde, 

Hence the body will not slide until 

a e = (coefficient of friction) xde. 

or until ade = angle of friction. 

or until bad = angle of friction. 

The angle bad is called by many writers the angle of 
resistance, and thus the same angle appears under different 
names according to the point of view from which it is re- 
garded 

The student should bear in mind that the body, a, will 
slide on the plane, c e, as soon as the oblique pressure acts at 
an angle greater than the angle of frictioa He should also 
remember that this conclusion is based on the assumption 
that the weight of the body, a, is so small that it may be 
neglected in comparison with the oblique pressure, otherwise 
the problem becomes a little more complicated, for it may 
frequently happen that the friction set up by the weight of 
a body may be sufficient to counteract the effect of any 
oblique pressure, even when acting at an angle much ex- 
ceeding the angle of friction. 



8i 



CHAPTER VII. 



SIMPLE MACHINES. 

85. The wheel and axle. — The wheel and axle is a 
form of lever which allows a weight to be raised through 
any given height It is a practical device for continuing 
the action of a lever as long as may be required, the weight 
rising all the time. 

The wheel and axle is familiar to every one ; it is used 
for drawing a bucket out of a well. The rope is wound 
round an axle, and the power is exerted on a lever handle. 
Sometimes the wheel has handles, as in the steering-wheel 
of a vessel The capstan is an example of the wheel and 
axle, the wheel being replaced by a set of capstan-bars. 

In the sketch, the large circle represents the wheel and 
the small circle represents the axle. The weight w hangs 
on a cord wound round the axle, and the power p is a 
weight hanging on another cord wound 
round the wheel. The wheel and axle 
have a common axis, c. 

It is evident that acb is a lever, c 
being the fulcrum, and the condition 
of equilibrium is 

radius of axle 



p 
w 



CA 
CB 




radius of wheel 

86. The same result follows from 
the principle of work. Let the wheel make ofafc \^nO*\\nrkn^ 
then 
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p descends through 2 jt x c b, 
w ascends „ 2 t x ca, 
Therefore pxaiXCB = wxirxi 
or P X C B = W X C A, 

radius of axle 



and !L=^ = 




radius of wheel ' 
8j. Pulleys. — Just as a wheel and axle is a lever with 
unequal arms, so a pulley is a lever 
with equal arms. A pulley-block in 
a simple form consists of two metal 
plates carrying a grooved cylindrical 
disc or sheave. The number of 
sheaves may be increased, and the 
pulley is then described as a double 
or treble block, and so on. The 
drawing shows a treble block in 
front view and side elevation. 
Taking the single movable pulley as an example, we 
have a weight w supported by a force p acting on string 
passing round a circular sheave and attached at a to a 
fixed support. All fractional resistance being 
neglected, the tension of the string is the same 
throughout, and is equal to p. Also the sys- 
tem is at rest, and we may therefore suppose 
it to be fastened to the sheave at the points B 
and d. 

Hence, the tension of b a = p, 
and „ d p = p. 

It follows that w is the resultant of the 
two equal and parallel forces, P and p, 
or w = 2 p. 
88. The same is apparent from the principle of work. 
For let w rise one foot, then the string will be shortened by 
one foot on each side of the pulley, or the end of the string 
to which p is applied will rise two feet. 
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w x 1 = work done on w. 
p x 2 = work done by p. 

and these are equal, since P balances w. 

.\ w = 2 p. 

89. Different systems of pulleys.— Questions re- 

lating to pulleys may be readily solved by the consideration 
that wherever a string leaves a pulley we may supply a force 
equal to the tension of the string. 

This method will be apparent from the following ex- 
ample, which is a combination put together as an illustra- 
tion. It is of no practical use, inasmuch as it will turn out 
to be less effective than a single movable 
pulley. 

Here tension of a b = tension of d c 
s= tension of e f. 

But tension of d c 

+ tension of e f « p ; 

• p 

.\ tension of e f = - ; 

2 
.\ tension of h c = p ; 

w = p+-=3I. 
2 2 

90. The first system of pulleys is shown in the left hand 
diagram on the next page. Here each pulley hangs by 
a separate string, whereby 

Pull on a d = 2 p, 
13 c = 4 p, 
c d = 8 p, 
ed = 16 p, 
w = 32 p ; 




)> 



i) 



») 



or, generally, w = 2" p where ;/ is the number of movable 
pulleys. 

In the second system the same sti\T\^\*m&s» \o\x\A ^w5cv 



<3 1. 
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pulley, whereby, if there be six strings on the lower block, 
as in the diagram, we have 



or, if there be n strings on the lower block, w = « p. 

"51 




In the third system, shown in the right-hand diagram, 
tension of a p = 



= p+ap + 4P + f 
i) p where ■■ 



.(.- 



5 the total number 



or, generally, 
of pulleys. 

There is one other point which the student should con- 
sidcr, and that is the point of attachment of the 
rope in the second system. In order to make 
this matter clear, we give an example of the 
single movable pulley with one sheaf on the lower 
block a and two sheaves on the upper block a 
The result is that w = 3 p. 
It will be seen that when the string is attached 
to the upper block 

w = 2 p or w = ap, &.c. 



Ttmkid Wkals. 



85 



according to the number of sheaves. Whereas, when the 

string is attached to the lower block, we have 
w = 3 p or \v = s'p, and so on. 

91. Toothed wheels. — The proper forms to be given 
to the teeth of wheels in order that they may run truly 
upon each other without any jar or vibration are explained 
in the ' Elements of Mechanism.' It will there be seen 
that when two wheels are in gear the direction of the trans- 
mission of the force between them depends on the form of 
the teeth, but as a rule we may say that the main part of the 
action takes place in a line touching the two pitch circles at 
the point of contact 

On this account we shall, in what follows, disregard the 
forms of the teeth, and consider that two-toothed wheels in 
gear are simply two pitch circles, and that the pressure be- 
tween them acts in a tangent to the pitch circles at their 
point of contact. 




Thus, suppose that a wheel c, having a lever-handle c n 
is in gear with a wheel H, on the axis of which is a drum 
supporting a weight w, as in the diagram. 

Let a force, p, act perpendicularly to the arm c b, and 
let it be required to find the relation bet«ftws ssA , «i'5nfe 
dimensions of the working parts bemg, %vvetv. 
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The right-hand figure shows the wheels replaced by 
their pitch circles, where a force, a s, acting upwards at 
right angles to c a, is the action of c on h, and a force, a s, 
acting downwards at right angles to c a, is the reaction of the 
wheel h on c. 

Then bca forms a bent lever, 

and pxcb = sxca. 

Also a e d is a straight lever, d being the centre of the 

wheel h, 

and sxad = wxde 

whence, pxsxcbxad = wxsxcaxde, 

Or PXCBXAD = WXCAXDE. 

P _ CA X DE 
W CB X AD* 

Let ;;/ be the number of teeth on c, and n the number 
of teeth on h, then by Art. 74. 

ca __ m 
ad n 

. p _ ;;/ v DE 
w n b c 

Ex. : Let m = 20, n = 100, — = - 

BC 2 

m, P 20 w I I 

Then — = — x - = — 

w 100 2 10 

or w = 10 p. 

92. Applying the principle of work, we proceed as fol- 
lows : — 

Let c make one complete revolution, then 

p describes a space = 2 tt x c b. 
But by Art. 74, when the wheel c makes one turn, the 

wheel d makes the fraction — of one turn, and therefore 

AD 

the weight w rises through a space. 

ca ^ 

= — X 2TXDE, 
AD 
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Therefore 


PX 2 n X CB = w 




P _ C A X D E 




W C B X A D 



CA 
AD 



X 2 7T X D E. 



the same result as before. 

93. The inclined plane is a plane inclined at any 
angle to a horizontal plane, and our object is to find the 
force, p, which is competent to support a weight, w, on an 
inclined plane by acting upwards at 
a given angle, as in the sketch. 

Let A b be the plane ; draw a c, 
bc, horizontal and vertical lines, 
through a and b. Let m be a body, 
of weight w, supported by a force, 
p, acting in a plane passing through 
abc. Let r be the reaction of the 
plane which is perpendicular to a b. The forces R, p, w 
are indicated in the sketch. Take b c to represent w, and 
draw c e perpendicular to a b, and b d parallel to m p. Then 
b d c is the triangle of forces, whereby 

b c represents w in magnitude and direction, 




DB 


>» 


P 


>> 


a 


CD 


» 


R 


j> 


» 



Whence the relation between p, w, and r is known. 

Cor. 1. Let p act parallel to the plane, then b d becomes 
b e, and e b c is the triangle of forces. 



T T p be 

Hence - = — 



w 



bc 



But 



BE BC 1 

— = — by 

BC AB 



reason 



that the triangles ebc, abc are 
similar ; 

p _ b c __ height 
? "ab~ length * 
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M R — ££ — fL? — k ase 

w "bc "ab" length* 

94. The same result follows from the principle of work 
for if w be raised from a to b, 

work done on w = w x b c, 
„ by p = p x a b. 

And these are equal ; 

p x a b = w x b c, 
p _bc_ height 
w a b length " 

Ex. : If b c = 1, a b = 10, then w = 10 p, or a force 
of 10 lbs. will support a weight of 100 lbs. on the plane. 
Cor. 2. Let p act horizontally, then b d is horizontal, and 

B p__ bd _ b c_ height 
w ~~ bc ac base 

Also by principle of work- 
work done on w = w x bc 

„ by p = p x ac 

,\ P X A C = W X B C 




TV 



95. The screw, — When a triangle, abc, forming an 
inclined plane is wrapped round a cylinder, as shown, the 
extreme point, a, of the triangle being made to coincide with 
c, we have a screw- thread. 

To get an idea of this take a cylinder of wood, such as 
a common roller or a pencil, cut a piece of paper into the 
shape of a right-angled triangle, abc, and blacken the edge, 
a b. Then fasten the side, b c, to the cylinder lengthways 
with gum or drawing-pins, and wrap the paper round the 
cylinder tightly. The blackened edge will form a curve 
running round the cylinder at a constant inclination to its 
axis. This curve represents the thread of a screw. 

If b c be of sufficient length the thread will make several 

turns, the paper overlapping, and in that way the experi- 

ment is not quite accurate, for the cylmdex \s coxtfrnuaAly 
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getting larger, which ought not to happen. But as the only 
object is to form an idea of a screw-thread, this is not of 
importance. 

In order that the screw-thread may be useful as a me- 
chanical instrument it must present a considerable surface 
upon which force can act, and for this purpose suppose the 




inclined plane to be a plate of some thickness, as shown, 
and to be wrapped round the cylinder, we shall then have a 
ridge encircling it, and the upper surface of this ridge will 
form a screw-thread in common use. When the triangle, 
abc, wraps exactly once round the cylinder, the line b c is 
the pitch of the screw-thread. 

Also the angle bac is the inclination or angle of the 
screw-thread. 

96. It is common to call a screw-thread a spiral thread. 
Thus we speak of a spiral staircase, a structure often seen in 
old castles or cathedrals as formed of stone, and in more 
modern buildings there are light spiral staircases of iron. 
It is instructive to examine the manner in which such a 
staircase is constructed, for a rough model of a screw surface 
may readily be made on the same plan. 

Definition : If a horizontal line, kY^^c^^^^^^*^^ 
a fixed vertical line 7 a b, be canned \o w*c\n^ uniformly ve^ 
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one direction while the end a moves uniformly along a b, it 
will trace out a screw surface. 

The different positions of a p are shown in the diagram, 
and may be imitated by threading a number of light laths 

of wood on an iron 
spindle supported on a 
stand. In the figure 
p r q is part of a cylinder 
whose axis is ab, and 
whose diameter is 2 a p 
Also p r q would un- 
wrap into a right-angled 
triangle forming an in- 
clined plane. The sur- 
face is shown in perspective, and ap = br. Also p r is a 
screw-thread on the cylinder of radius a p. 

Definition : The pitch of a screw is the space along a b 
through which a p moves in one revolution. 

Definition : The line a b is the length of the screw 
surface abpr, and the angle p r q is the angle of the screw- 
thread. 

In the diagram a p is describing a right-handed screw. 
If it revolved in the opposite direction while descending it 
would describe a left-handed screw. As a rule, all ordinary 
screws are right-handed. Thus, in screwing down the lid 
of a box the screw-driver is turned to the right to insert the 
screw, and to the left to bring it out. Whereas, if the screw 
were left-handed we should turn it to the left hand to insert 
it, and to the right hand to bring it out. 

Also the student will observe that the sketch in Art. 95 
shows a right-handed screw, and that if the triangle bca 
were wound in the opposite direction round the cylinder 
the screw would be left-handed. 

97. The screw-thread used in machinery is a project- 
ing rim of a certain definite form running round a cylinder, 



in 
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and following the same geometrical law as that referred to 
in the definition. 

The two principal forms used by engineers are the 
square thread and the angular or V thread, shown roughly 
in the sketch. 

In speaking of the pitches of such screws it is the prac- 
tice to count the number of ridges which occur in an inch 
of length of the screw bolt, and f 
estimate the pitch by the number of 
such ridges. Thus a screw of one- 
eighth inch pitch is a screw with 
eight threads to the inch. 

To Sir Joseph Whitworth we 
owe the introduction of a uniform system of angular screw- 
threads. The drawing shows a section of an angular- 
threaded screw as made by the Whitworth Company, the 
dotted line being the axis of the bolt. The angle made by 
the opposite sides of the thread is 
55°, which is the same for bolts of all 
sizes, but the extreme depth which 
this angle would give is reduced by 
rounding off one-sixth at the top and 
bottom of the ridge. Thus the depth 
given to the thread is only two-thirds 
of that which it would have if its 
sides intersected, being -64 of the . 
pitch instead of '96. 

Square -threaded screws are used for many purposes, 
since they possess great power, although they have less 
strength than angular threads. They have usually half the 
number of threads per inch which would be allowed if the 
form were angular, the depth being equal to the space 
between the threads, 

98. If a single thread were wound evenly round a 
cylinder, and the path of the thread marked ckA, ^^ &MW&&. 
have n singie-threadcd screw ; whereas \i two \>kkKi& "Skws&s. 
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were wound side by side we should obtain a daublt-threadtd 
screw. The object of increasing the number of threads is 
to fill up the space which would be unoccupied if a fine 
thread of rapid pitch were traced upon a bolt, and thus to 
give the bolt greater strength in resisting any strain which 
tends to strip away the thread. Thus a shutter bolt which 
is required to enter rapidly with a few turns is commonly a 
double or treble -threaded screw. 

Increasing the number of threads makes no difference 
in the pitch of the screw, which is dependent on any one 
continuous thread of the combination. The 
drawing shows a single and double _ threaded 
screw as applied to a screw auger for boring 
holes in wood The difference is at once ap- 
parent to the eye, and the point of the tool 
shows another use of the screw, viz. for feeding 
on the cutter. The small-pointed screw con- 
tinually advances into the material and takes 
the rotating cutter with it, the shavings being 
pushed along the hollow spiral groove between the threads. 
99. The screw-press. — In order to apply the screw 
as a mechanical instrument it must be provided with a nut 
or casing, inside which there is hollowed out a groove which 
is the exact counterpart of the ridge or thread upon the 
screw. 

If the nut be fixed and the screw rotated it will advance 
or come back through a space equal to its pitch on each 
complete revolution. 

If it be required that the screw shall produce pressure, 
a lever handle of some kind will be necessary in order to 
turn the screw and to overcome resistance. 

Hence we commonly find that the screw and lever are 
used in combination, and shall take as an example a screw- 
press such as is used for copying letters. 

This apparatus consists of a square- threaded screw, C D, 
turned by a lever handle, a c b, and worton^ to a reft afc ?- 
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which is part of the frame. Below the screw is an iron 
slab, which is brought down upon the paper with consider- 
able pressure on advancing the screw through the nut by 
means of the lever handle. - Since the slab is guided by the 




upright pillars and cannot rotate, the end of the screw 
terminates in a circular collar, which turns freely in a recess 
which exactly fits it. 

The lever handle is grasped by one hand at b and the 
other at a, and by a push with one hand and a pull 
with the other a couple comes into action which rotates the 
screw. This matter has been explained in Art. 53. 

100. To find the relation of p to w by the principle of 
work, let p = pull at b = push at a, and let w be the re- 
sistance overcome, then if the screw be single-threaded, 

p x 27TAC + P x 27tcb = w x pitch of screw 

p pitch of screw 
or — = i 

W 4 7T a c 

10 1. The relation of p to w in the screw may be deduced 
from the doctrine of the inclined plane. 

We refer to the right-angled triangle, k b c^^tAwsxn^ 
a cylinder, bc being the pitch of ftve screw, ax^^s^V^^-^ 
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weight w to rest on the portion of thread a b. We shall 
further suppose that there is a lever of length, a, to which 
the force p is applied, and that q is the pressure due to p as 
felt on the screw thread at a distance b from the axis, 

then p x a = q x b. 
Also qxac = wxbc. 
«- q __ a __ circumference of circle described by p 
p ~~ ~b ~~ circumference of cylinder ' 

or q x circumf. of cylinder = p x circumf. of circle 
described by p. 

But q x a c = q x circumf. of cylinder 
,\ p x circumf. of circle described by p = w x b c 

= w x pitch of screw, 
which is the relation required. 

The same result appears at once from the principle of 
work, for in one revolution, 
work done by p = p x circumf. of circle described by p 
work done on w = w x pitch of screw 
.% p x circumf. of circle described by p = w x pitch of 
screw. 

102. The endless screw and worm-wheel.— When 

a screw is so arranged as to rotate in a fixed frame, it is 
called an endless screw, because the effect of rotation is to 
cause the threads to appear to travel onwards without any 
ending. 

When used as a mechanical power the endless screw 
operates with a wheel having oblique teeth cut upon its 
rim wherewith the thread of the screw engages, and in that 
case the continuous travel of the so-called worm of the 
endless screw imparts a constant rotation to the wheel, 
which is technically known as a worm-wheel. 

The combination of the endless screw and worm-wheel 

is shown in the drawing as applied to raising a weight, w, by 

means of a power, p, applied to the end of the lever handle, 

ab = 4 Let w be attached to a coid fostered to a. drum 
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whose centre is c, and radius = a, and let n be the number 
of teeth on the worm-wheel. Also, let the pitch of the 
screw be so chosen that each turn of the screw advances the 
wheel by one tooth. 

B 





Then for each turn of the lever handle p describes a 
space 2 7T b, and the wheel moves through the space of one 

tooth, whereby w rises through a space, w a 



Hence, p x 2 ?r £ = w x 



n 

2 ir a 

n 



p 
w 



a 
n I) 



If the screw were a doubled- threaded screw, as is often 
the case, the wheel would advance through two teeth for 
each turn of the screw, and we should have 

p 2a 

w // 1? 

whereby the combination is only one-half as effective as 
before. 

103. The wedge is a double inclined plane, as aiic 
in the diagram, which is forced between two obstacle ^v ^sA. 
n, tending to come together, and vrtnc\v \\. \s> wx OavpRXV^ 
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separate by forcing the wedge into the space between 
them. We shall consider the wedge to be perfectly smooth. 

Let r be the force driving in the 

wedge, and p and Q the reactions of 

the obstacles m and n, which balance 

the thrust r. Then, since there are 

only three forces in action, they must 

meet in a point, and for simplicity 

we shall suppose that p and q are 

equal, and that r acts in the vertical 

line d c, which bisects the angle a c b. 

Taking nh,me to represent p and q respectively, and 

drawing n o, m l, horizontal lines, and h o, l e vertical lines, 

we estimate the action of the wedge as follows : 

By the triangle of forces, 

P = BC ,and« = AC . 

R AB R AB 




Let p 


' be the horizontal thrust at n 


, and q' 


the horizontal 


thrust at 


m. 
















Then 


p' _ 
p 


on . , 
— • • * 

NH 


= p 


x 0N 

NH 


= R X 


BC 
AB 


X 


ON 

NH 


But 


ON ___ 
NH """ 


DC . , 

• • * 
B C 

That is, 


= R 

R = 


BC 

X - - 
AB 

: P' X 


DC 
X — = 
B C 

A B 

DC* 


= R 


X 


DC 

AB 


• 


In like 


manner, 


R = 


Q' X 


AB 
DC 









Cor. This also appears from the principle of work, for 
let r descend through a space, d c, then 

work done by r = r x d c 
work done against p' ■}• q' = (p' + Q') x 



db 



= 2P' X D B 
= P' X A B. 



and these are equal, therefore r x 
same result as before. 



dc = p' x a b, the 
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CHAPTER VIII. 

THE LAWS OF FALLING BODIES— ENERGY — MOTION IN A 

CIRCLE — THE PENDULUM. 

104. Acceleration.— Hitherto we have only considered 
the case of the uniform motion of a body, the variable 
motion of bodies being beyond our scope. There is, how- 
ever, one case of variable motion which can be easily dealt 
with, and that is where a body is continually moving faster 
and faster according to a simple law, which we proceed to 
state. 

Conceive that the velocity of a body is increased by 
an equal amount in each successive small interval of time. 
Thus, suppose that a body is moving at any given instant 
with a velocity of 10 feet per second, and after ^ of a 
second has elapsed it is moving with a velocity of n 
feet per second, and after another -^ of a second it is 
moving with a velocity of 1 2 feet per second. 

Suppose this to continue, whereby at the end of 1 
second the velocity would be 20 feet per second, and at 
the end of 2 seconds it would be 30 feet per second, and 
so on. 

In this way we should obtain the conception of a general 

uniform rate of increase of velocity ; but to test the motion 

further a like proportionate increase should be observed if 

we proceeded by dividing a second into 100 or 1,000 equal 

parts instead of into 10 equal parts, or into any greater 

number of equal parts. 

In such a case the velocity of tlae Y>o&y \*o>&&^^^^ 

w 
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be uniformly accelerated^ and the word acceleration is employed 
as follows : — 

Definition : — The rate of change of the velocity of a 
point is called its acceleration. 

Thus the student will observe that the rate of change of 
position is velocity, and the rate of change of velocity is 
acceleration. 

It is evident that acceleration may be uniform or 
variable. It is uniform when the velocity of the point 
receives equal additions in successive equal periods of time, 
however small. It is variable when these additions are 
unequal. 

The term ' acceleration ' is also applied when the velocity 
of the point is continually retarded ; the additions above 
mentioned are then taken to be negative instead of positive. 

Thus, let a body be moving with a velocity 8, and be 
the subject of a uniform acceleration 3 ; then 

After 1, 2, 3, 4, &c, seconds, 

Its velocities will be 11, 14, 17, 20, &c. feet per second 
Whereas if it were the subject of a uniform retardation 3 
After 1, 2, 3, 4, &c., seconds, 

The velocities would be 5, 2, — 1, —4, &c feet per second. 

105. The acceleration of a point is linear acceleration, 
and is measured just as we measure linear velocity. 

Definition : — The unit of acceleration adds a velocity of 
1 foot in 1 second. 

There are two cases to consider. 

(1.) Let the acceleration be uniform, and equal to/ 

Since an acceleration 1 adds a velocity 1 in 1 second to 
the velocity of the point, it appears that an acceleration / 
will add a velocity/ in 1 second. 

Therefore, in 2 seconds it will add a velocity 2/, 
and |n 3 „ „ „ 3/; 

in / „ „ ., // 

Let v = velocity of point when acceleration /begins, 
p = velocity of point at end of t seconds. 
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Thenz/ = v +//. 
If the acceleration be negative, 

v = v — //. 
If v = o, or the body start from rest, we have 

and the amount of acceleration is obtained by the simple 
division of velocity by time. Thus if a body starts from 
rest, and has a velocity of 120 feet at the end of 8 seconds, 
the acceleration being uniform, we have — 

Acceleration = -^ =15. 

(2.) Let the acceleration be variable ; it is then measured 
by the additional velocity (either positive or negative) which 
would have been imparted in a unit of time if the accelera- 
tion had remained throughout that unit the same as it was 
at the beginning of it 

Further, it is manifest that the term acceleration applies to 
angular velocity as well as to linear velocity. 

106. Proposition : — To find the space described by a body 
moving for a given time with a uniform acceleration. 
Let / = time in seconds, 

v ss velocity before acceleration begins, 
/ = acceleration, 
s = space described in / seconds, 
v = velocity at end of / seconds. 
To solve this question we employ an artifice. 
Let there be two bodies, a and b, starting from the same 
point and moving in opposite directions in the same straight 
line. 

Let a start with velocity v and be subject to acceleration/ 
„ b „ „ v „ retardation / 

At end of 1st second a's velocity = v +/ 
„ 1st „ b's „ = v - f 
„ / seconds x's ,, = n -v it 



/ „ tfs « = 1) - Jt 



» * )) » » W 



xvi. 
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But the velocity with which a and b separate is the sum 
of these velocities, and is in every second 

= v -f v, which is invariable. 

Hence the distance between a and b after / seconds 
= (v + v) /. But velocity of a increases just as that of b 
dies away, hence in / seconds the space described by a will 
equal that described by b. 

It follows that distance from a to b in / seconds 
= 2 space described by a in / seconds = 2 s* 

But distance from a to b in / seconds = (v + v) t 

.\ 2 s = (v + v) t 

= (V + V + //) / 

= 2V/+// 2 

.-. s = v / + i// 2 . 
If/ be negative. We have 

s = v / - \ft 2 . 

Again, to find the relation between v and s. We have 

Z/2 = ( V +//)2 

= V 2 + 2 Wft +/ 2 / 2 
= V 2 + 2/(v/+ \ft*) 
= V 2 + 2/s. 

If/ be negative, v 2 = v 2 — 2/r. 

C^r. : — If v = o, or the body start from rest, we have 

s = \ft\ 
v 2 = 2/s. 

Hence the formulae are 

(1.) When the body starts from rest, 

v=/F 9 s = i/P f i? = 2fs. 

(2.) When the body has a velocity v before the accelera- 
tion begins, 

v = v + //, s = v / + \ft 2 , v 2 = v 2 + 2/s ; 
or, v = v -ft, s = v t - \/t 2 , v 2 = v 2 - 2 fs. 
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107. Laws of falling bodies.— One principal applica- 
tion of these formulae occurs in the case of bodies falling at 
the earth's surface, the reason being that the force of gravity 
produces a constant acceleration in a falling body. 

The force of gravity varies a very little at different points 
of the earth's surface, but for all ordinary purposes it may be 
considered to be an invariable force, and by the second law 
of motion the velocity which it generates in any second in 
a falling body will always be the same. The meaning of this 
statement is, that if a body falling from rest acquires a 
certain velocity in one second, it will acquire twice that 
velocity in two seconds, three times that velocity in three 
seconds, and so on. But we have agreed to express this 
fact by saying that the acceleration is constant, and the 
formulae which apply where the acceleration is constant have 
been investigated. It only remains, therefore, for the student 
to understand how to apply the results of theory to particular 
cases. 

108. When a light body falls in air, the resistance of the 
air somewhat retards it, but the important law with reference 
to falling bodies is, that all substances, whether light or heavy, 
will fall at the same rate in a space from which the air has 
been exhausted. This has been shown by exhausting the 
air from a long glass tube, and allowing a sovereign and a 
feather to fall together within it, when it will be found that 
they reach the bottom in the same time. But the same 
thing can be shown without expensive apparatus by making 
a small paper funnel, loading it with shot, and placing a 
very light feather on the top of the shot. When the funnel 
is let fall, the weight of the shot will keep it in an upright 
position, and the feather and the shot will reach the ground 
at the same time. Again, three balls of equal size, one of 
lead, another of wood, and the third of indiarubber, when 
started together, will strike the ground at the same instant 
although their weights are very different. 

The law just illustrated is a corvsec^iexvee, oil >2cv& Sasx^fccafc. 
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gravity is a constant force. If that be so, gravity will 
impress on each particle of a body the same acceleration, 
and it matters not whether the number of particles be larger 
or smaller. The acceleration produced in a feather weighing 
T j v of a grain is the same as that produced in a pound 
weight, for if we subdivide the pound it is made up of a 
sufficient number of hundredths of a grain, and the ac- 
celeration of one part is the same as that of any number of 
parts. 

109. The next point is to determine the amount of ac- 
celeration produced in a body falling freely in a space 
from which the air has been exhausted. 

This is a matter of experiment, but the result has been 
ascertained with great accuracy, and at present we may say 
that, in London, a body falling freely in vacuo will describe 
16*1 feet in a second of time, or will acquire a velocity of 
32*2 feet at the end of the first second of its fall. 

This is equivalent to saying that the acceleration produced 
by gravity is 32*2 feet per second. 

In order that questions relating to falling bodies may be 
distinguished at a glance, it is the custom to appropriate the 
letter g for denoting the acceleration produced by the force 
of gravity. 

Also since gravity produces a constant acceleration in a 
falling body, we may at once apply the formulas proved in 
Art. 106, merely writing-in the place of/ 

Hence when a body falls in vacuo, freely and from rest, 
we have 

vz=gt, s = ^g* 2 , v 2 = 2gs, where g = 32*2. 

Also when a body is projected vertically upwards with a 
velocity v, we have 

V = V — gf, S = / V — h gt\ V 2 = V 2 — 2 gS. 

Whereas, when a body is projected vertically downwards 
with a velocity v, the formulae become 

r=v +gf, j = /v + \gt*, v***^- -V 2gs, 
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1 10. Examples. — The following examples will illustrate 
the formulae given above. 

(1.) Find the velocity acquired by a body falling for 
\ second. 

Find also the space described, takings = 32. (Science 
Exam. 1 88 1.) 

Here z; =£/ = 32 x £ = 8 feet per second. 

^I^ = |x32X^=i foot. 

(2 .) What velocity will a body acquire in falling freely 
from rest through 400 feet ? (^=32.) 

Here v* = 2 gs = 2 x 32 x 400 = 64 x 400 
,\ v = 8 x 20 = 160 feet per second. 

(3.) The acceleration of a particle is 10, and at a given 
instant it is moving at the rate of 7^ feet per second. 

After what time would it move at 30 feet per second, 
and what distance would it describe in that time ? (Science 
Exam. 1 88 1.) 

Here v = v + / where v = 7.3,/= 10 

•'• 3° = 7s + IO / 
or 10 /= 22^ 

/= 2\ or \ seconds. 

Also s = / v + \ft* = I x 7.V + ?> x 10 x \\ 

or s = Va 5 = 42W feet. 

(4.) A body is thrown upwards with a velocity of no 
feet per second. What time willl elapse before it begins to 
descend ? (g = 32.) 

Here the formula to be taken is v = v — gt 

When the body reaches the highest point, we have v = o, 

.\ o = 1 10 — 32 /, or / = 4J seconds. 

(4 continued,) — After how many seconds will the body 
be moving downwards with a velocity of 66 feet per second ? 
Here the formula is v = gt 

,\ 66 = 32 x / 

/= \\ seconds. 
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Adding the time of ascent to the time of descent, the 
whole time elapsed in the up and down movement is equal 
to 

fo + tg or to- or 5i seconds. 

(5.) A train reduces its speed from 40 miles an hour to 
10 miles an hour in going 150 yards. The retardation 
being uniform, what further space will it describe before 
coming to rest ? 

Here we must find/ from the formula 

V 2 = V 2 — 2fs. 

$=150 yards = 450 feet 

v is 10 miles per hour or 10 x 5280 ft. in 3600 seconds. 

.\ v = — -^ = 5_^ = — feet per second. 

3600 3 6 3 

v is 40 miles per hour or i?- feet per second. 

3 

.'. by substitution /= 4-1 . 

135 

The train is now moving with a velocity of — feet per 

second, and is subject to a retardation/ 

Taking the formula v 2 = v 2 — 2/r, we have v = o when 

the train stops. Also v = 44 feet per second. 



484 
2 x -*— * x s, 

3/ x 35 



- (?) - 



or s = 30 ft. = 10 yards. 

in. Energy, or accumulated work. — The work 
done in raising a weight has been discussed, and we have 
now to estimate the work done in setting a body in motion. 

When force acts upon a free body it will set it in 

motion, the inertia of the body presenting a resistance 

which is overcome by the force, and thus work is done in 

impressing velocity upon a free body. So also a body in 

motion can only be brought to rest by xVve action of force, 
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and the point of application of the force moves with the 
body, whereby work is done during the destruction of the 
motion. 

We reason as follows : — 

Let a body of weight w be lifted through a height //, 
and acquire, in falling down again to the starting level, a 
velocity v. 

Again, let w be thrown vertically upwards with a velo- 
city v, it will rise to the same height //, but no higher, and 
work will be done in destroying the velocity v. 

In both cases \v/i is the work done, and in both cases 

//= — , 

We conclude that when a velocity v is impressed on a 
body of weight w, the work done 

wz> 2 



2g 

112. Definition : Energy is the capacity for performing 
work. Thus a raised weight possesses energy, for we know 
that we may obtain work from the weight while it is falling. 
This is seen when we pull up the weight employed to keep 
a clock going. The w r eight hangs by a fine cord, which is 
wound round a barrel ; and as the weight descends the 
barrel slowly turns, and the mechanism of the clock is set in 
motion. This may go on for several days, the clock keep- 
ing time so long as the weight is descending. The energy 
which exists in a raised weight is called potential energy. 
The word 'potential' is intended to express that a new 
power has been conferred upon the weight by the act of 
raising it. 

But we have seen that when a raised weight is allowed 
to fall it acquires a certain velocity, and that t\\wt Ss» ^ 
definite relation between the heigVvt Xo \n\v\Oc\ x^X^A^^k*^ 
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been raised and the velocity which it acquires in falling. 
When we know one, we know the other, the relation being 



w// = 



w# 2 
~2g 



The expression — is therefore a measure of the work 

*g 

stored up in a moving body, or of the work which it is 

capable of doing before its velocity is expended, or before 

it comes to rest. 

The energy, or capacity for doing work, which a moving 
body possesses is called kinetic energy, from a Greek word 
signifying motion. In fact, kinetic energy is the energy of 
a body in motion, as distinguished from the energy existing 
in a raised weight at rest. 

Also the student will perceive that energy is only 
another phrase for work accumulated, or stored up in a 
body, which may be done, either by raising the body 
through a given height, or impressing upon it a given 
velocity. 

Ex. : Let a velocity of 20 feet per second be impressed 
on a body weighing 46 lbs. Find the accumulated work as 
expressed in foot-pounds. 

Here accumulated work = — 

_ 46 x 400 
2 x 32*2 
= 285 foot-pounds. 

Also, taking the formula v 2 = 2gli, we have 

/; = #oo 
64-4 
,\ w^ = a85 foot-pounds ; 

the decimal fraction being neglected in both cases. 

113. The fly press will furnish an illustration of the 

useful application of the principle of accumulated work. 

As shown in the diagram, it consists of a s\\cm% ftaxfte carry- 
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ing a square threaded screw, which descends vertically upon 
the work, and is armed with a hardened steel punch die 
for either punching a 

hole or impressing /" j\ 

some definite form 
on a yielding piece of 
metal. The sketch is 
taken from Mr. Shel- 
ley's ' Workshop Ap 
pliances,' and shows 
a hand punch with 
which two men are 
able to punch a hole 
nearly an inch in 
diameter through the 
web of a rail perhaps J of an inch in thickness. 

The lever of the press is a horizontal bar loaded at each 
end with a heavy ball of metal, which is gradually brought 
from a state of rest to one of rapid motion by the continued 
effort on the part of the workmen, the maintenance of its 
speed being assisted by its descent due to the revolution 
of the screw. 

In examining its action we shall, however, disregard the 
effect of the descending weight, and confine our view 
entirely to the work which is accumulated in the revolving 
balls and expended in driving the punch through the piece 
of metal 

Let each ball weigh 50 lbs., and have a velocity of 
10 feet per second at the instant that the punch begins 
to operate. 

Then accumulated work stored up in the two balls is 



; 50 x roo _ 



iS5'3 foot pounds. 



Let the work be expended in driving the $\mcVi *v\<a\«gp. 
J of an inch or" metal, the resistance ft ^»m% cnwtaraft- 



1 08 Manual of Mechanics. 

Then f of an inch = i x T V ft. = jl. ft. 
/. r x x^ = work done = 155*3 
,\ r = 155-3 x 16 = 2484-8 pounds. 

This shows the great increase of pressure caused by the 
action of the weights on the lever-arm of the press. 

1 14. The fly-wheel. — Just as work is accumulated in 
the revolving balls of a fly press, so also it may be stored 
up in the heavy metal rim of a revolving wheel. In such 
a case the wheel is called a fly-wheel, and is to be met with 
in machines of every class. Take, for example, such a simple 
apparatus as a sewing machine driven by hand. The little 
handle, which is grasped by the operator and gives motion 
to the mechanism, is fastened on the face of a small iron 
wheel, having a considerable portion of metal in the rim. 
When the wheel is turned rapidly, it runs smoothly and 
steadily, notwithstanding that the force which drives it is 
continually varying. This exhibits the function of a fly- 
wheel. Conceive that, for the purposes of rotation, the 
whole of the metal is collected in one dense circular line at 
a given distance from the centre, 

Let w = weight so collected, 
r = radius of the circle, 
w = angular velocity of the wheel. 

Then linear velocity of a point in the rim = w r. 
,\ work stored up in the wheel = — - — . 

From this equation we can learn something of the 
nature of a fly-wheel. 

(1.) Suppose two fly-wheels exactly alike to be fastened 
together so as to make one wheel of double the weight. 

Then the work stored up for a given number of revolu- 
tions per minute is doubled. 

This shows the influence of weight alone. 

(2.) Let the number of revolutions per minute of the 
wheel be doubled, Then w becomes 2 w. 



The Fly-wheel. 109 



2 /£ 



,\ work stored up = — — ^~ 

or the work stored up is 4 times as great as before. 

If o) became 3 w, we should have the work stored up 9 
times as great as before. 

This shows the influence of velocity. 

(3.) Let the wheel be enlarged, the weight being the 
same as before, so that the dense rim may lie in the circum- 
ference of a circle of radius 2 r. 

Then work stored up = — !!L.1_L 

which again is 4 times as great as before. 

Here the law of increase is the same as for the increase 
of speed, the accumulated work for a given velocity increas- 
ing according to the square of the radius. 

This shows the increased effect due to arrangement of 
the metal. 

We cannot pursue the subject further, but the student 
who has mastered the formula will hereafter find the study 
of the advantages to be gained by the use of a fly-wheel to 
be a simple extension of the elementary facts here laid 
down, and he will further be interested in ascertaining the 
exact position of the dense circular line along which the 
weight may be supposed to be collected. 

115. Motion in a circle. — The mechanical conditions 
under which a body moves in a circle will now occupy the 
student, and the most familiar instance that he will meet 
with will probably be when he whirls a stone round in a 
sling. In such a case the string is stretched tight, and he 
feels a constant pull upon the hand. But here the problem 
is, in fact, complicated by the force of gravity consequent 
on the weight of the stone, and in order to arrive at the 
theory we must take an ideal case, such as that of a body 
describing in some imaginary way a circle upon a smooth 
horizontal plane. 

Proposition : A body of weight w, &£scftaes> *. cxtcte. A 



no 
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radius r, with a uniform velocity v % to find the direction and 
magnitude of the force which produces this motion. 

It is clear that some force must act, or, by the second 
law, the body would describe a straight line and not a circle. 

Let a p be an arc of the circle 
described round c in the very small 
time /. Draw at, pt tangents at 
a and p, complete the parallelo- 
gram at pr, and draw the di- 
agonals t r, a p intersecting in d. 
By a property of the circle, we 
have a t = t p, whence at, t p 
may represent in magnitude and direction the velocity v, of 
the body at the points a and p respectively. 

It follows that the force must have impressed on the 
body a velocity tr during its motion from a to p. But 
t r, when produced, passes through c, hence the force must 
reside in the centre of the circle. 
Let f represent its magnitude. 
Then f generates a velocity t r in time /. 




But w 



>> 



n 



g* 



» 



/. 
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Again, by a property of the circle, we have triangle tra 



similar to triangle pca. 



t r __ a p tr_ap 
a t ~" c a v ~~ r 



But since the time / is supposed to be the smallest 
possible, a p is a very small arc, and we may, without error, 
assume that arc a p = chord a p, also arc ap = / v. 



Whence 
But 



tr tv t r 2 

v r r 

w 



F = — X T R 

it 



F = 






r 
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Motion in a Circle. ill 

Ex. : A weight of 12 lbs. is fastened to one end of a 
string 4 feet long, the other end of the string being attached 
to a fixed point c in a smooth horizontal plane. The body 
moves with a velocity of 10 feet per second, find the tension 
of the string. 

Here, tension of string = - = 525. = 9*3 lbs. 

32-2 x 4 32-2 

It appears from the proposition just investigated, and is 
also made clear by the example, that when a body fastened 
to a string moves uniformly in a horizontal circle the ten- 
sion of the string tending to pull the body in towards the 
centre will be 

W 7' 2 



But the string is attached to a fixed point c, which 
supports its tension. It follows that while the body experi- 
ences a constant pull inwards, the centre c is at the same 
time subject to an equal and opposite pull outwards. 

The outward pull on the centre is called a centrifugal 
or centre-flying force, and is equal to 



\V 7' 2 



Much confusion has been introduced into this subject 
by treating the centrifugal force as something acting upon 
the body. No such thing happens. The body is always 
tending to go on in a straight line, and is kept in a circle by 
a force continually pulling it in towards the centre. 

The centrifugal force, or tendency to move in the direc- 
tion of the radius, is felt only by the support to which the 
body is attached. There are several ways of showing this 
hull on the centre and the effect which it produces. 

lake a cylinder of wood about 5 inches in diameter 
and 3 inches in length, excavate a hole about an inch 
deep on the rim, and fill it up with lead, \eXaC\xi\w% ^s. ^~ 
cular form of the rim. Then set lYvfc ojYvcAet to xv*\ a^ *• 
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horizontal plane, and the pull on the centre will be evident 
enough. 

Again, prepare a disc of wood about 8 inches in dia- 
meter, thread it on a wooden bar about an inch in diameter, 
and run a stout iron wire along the axis or central line of 
the bar. The ends of this wire may rest in two iron rings 
supported on pillars. 

The disc will, if well shaped, rotate smoothly and 
steadily in its bearings when set spinning by a string. 

But now load the rim with a small lump of lead or 
brass, and put the disc into rapid rotation. It will be found 
to jump in its bearings under this pull on the centre acting 
always in a line pointing towards the revolving weight, and 
the disturbance is so unexpectedly complete that it becomes 
almost ludicrous. 

1 1 6. The simple pendulum. — An imaginary or simple 
pendulum is a particle of matter suspended by a string with- 
out weight. Such a pendulum can only exist in the imagina- 
tion, but we can roughly determine its properties by sus- 
pending a small ball by a fine string, as in the sketch. If 

this be done, it will at once appear that the 
time which the ball occupies in making a 
complete swing from right to left depends 
upon the length of the string, being greater 
as the string is lengthened. 

The distance from the point of suspension 
to the centre of the ball is called the length 
of the simple pendulum. 

The oscillation of a pendulum is the 
whole movement which it makes in one 
direction before it begins to return. 

The time of an oscillation is the period of 

this movement. Where a body swings in a circle, as in the 

case supposed, the time of an oscillation is to a small extent 

affected by the iength of the arc through which it swings, 

and mathematicians have shown t\vat \.\\ete \s ox^ ^kc£yo&ss. 
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curve, known as a cycloid, in which the swing of the pendulum 
would be the same for all arcs, whether great or small. 

Investigations of this kind are not suitable for the 
present treatise, and we must be content merely to state the 
pendulum law as it obtains when a body swings in a cycloid, 
or through a small arc in a circle, which is practically the 

same thing. 

Let / be the length of a simple pendulum, 
/ the time of an oscillation, 

Then /=*■ ^ 




g 

It follows that if there be two pendulums of lengths 1 and 4, 
their times of oscillation will be as 1, 2. 

Let l be the length of a pendulum oscillating seconds, 
technically known as a seconds pendulum, 



Then 



■VF 



• P 



The value assigned to l is 39*14 inches in London. 

117. We have next to consider the oscillation of a heavy 
rod ab suspended at one end a. We shall suppose the 
rod to be uniform and rigid, and remark that it is . 
made up of a number of particles such as p, q, each at 
different distances from the point a, and therefore 
all tending to swing in different times. But the rod 
being rigid, every particle must swing in the same L 
time ; a compromise will therefore be effected, and 
the rod will oscillate as if its whole mass were col- 4g 
lected into one dense particle at some point o, inter- 
mediate between a and b. | 

The rod a b is termed a compound pendulum, be- 
cause it is made up of the aggregate of a number of 
simple pendulums. 

The position of o is found by a formula : — - 1 ^ 

Let g be the centre of gravity of \^ % axi<i \ex k<o-=>K 



1 1 4 Manual of Mechanics, 

Also let k 2 be the sum of the squares of the distances of 
each particle of ab from the point c. 

k 2 + h 2 



Then ao = 



// 



1 1 8. A very remarkable property of the point o was dis- 
covered by Huyghens, namely, that the rod ab will swing in 
the same time whether hung from the point a, or turned 
upside down and suspended from the point o. 

The point o is called the centre of oscillation^ and the 
point a is the centre of suspension ; hence the discovery 
made by Huyghens is expressed by saying that the centres 
of suspension and oscillation are convertible. That is, if a 
be the centre of suspension, o will be the centre of oscilla- 
tion ; or if o be the centre of suspension, a will be the 
centre of oscillation ; and in each case 

ao = length of equivalent simple pendulum. 

The quantity k is found by analysis, and k is a line of 
definite length dependent on the form of the suspended 
body. It is technically known as the radius of gyration. 

In the case of a uniform rod, k = -~ (length of rod). 

Let ab be a uniform rod, and let ab = #. 
• Then k 2 = -, also h= -, or h 2 = ?* ; 

12 2 4 

12 + 4 3 2a 

.'. AO= z = — = 

a & 3 

2 2 

119. An approximate value of g may be readily found 
by the aid of a pendulum. In a rough experiment, made 
to supply a result for the present paragraph, a small clip 
was screwed into the frame of a doorway, and from it was 
hung by a silk thread a small leaden ball i£ inch in dia- 
meter. It was estimated that the distance from the point 

of suspension to the centre of the leaden ba\\v?as 8^ inches. 
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The arc of swing of the pendulum was about 8 inches, and 
it made 103 double or 206 single vibrations in 5 minutes, 
that is, in 300 seconds. 

Then time of vibration = tt x / .r_3_ = 3°° a j sa 

V i2g 206 

Hence ** X 8 3 = !S?JLiSo 

12g IO3 X IO3 

86oo646'67i2 . 00 

or g = — 2 — z — '. — = 32 # i88. 

2 70000 

It is estimated that the correct value of g in London, or 
more accurately at Greenwich, is 32 # iq 12. 

120. Kater's pendulum experiment is one of great 
historical interest, as it was the first elaborate attempt to 
verify the law of Huyghens, and obtain from it a measure- 
ment of the length of a seconds' pendulum, and by inference 
the exact numerical value of g. Captain Kater's experi- 
ments were finished in London in the year 18 18, and were 
simple in character. A bar of brass was loaded with a bob 
and with two small adjustable weights, the centres of sus- 
pension and oscillation of the bar with its weights being 
marked by triangular wedges of steel, technically called 
knife-edges. The pendulum, being placed with a knife- 
edge resting on the plane supports, was caused to swing 
through a small angle in company with another pendulum 
driven by a clock, and the coincidences of the two pen- 
dulums were observed by a telescope. 

The object was to get the centre of oscillation exactly at 
the point of the knife-edge, which was done by shifting the 
sliding weight until the time of swing became the same from 
whichever knife-edge the pendulum was suspended Then 
the distance between the knife-edges gave the length of the 
pendulum, and the time of a vibration was known by com- 
parison with the clock. It followed that the length of a 
pendulum oscillating in a given time was Vuckswcv^tA ^c®\. 



\ ** 
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g 
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the length of a second's pendulum could therefore be 
determined. 

The value of l given by Kater was 39*1393 inches. 

Also taking the formula 1 = * * /- and remembering that 

g in feet is represented by 12 g inches, we have 

or^ — * 8 x 391393 

12 

Now 7r = 3T4159, and tt 2 = 9*8698 

. g = 9*696 x^39-'?93 = j,.,^ 

The exact value of ^at Greenwich is taken to be 32*1912, 
and it is to be noted that the length of a seconds' pendulum 
varies in different latitudes ; thus it is 39*1285 inches in 
Pans, 39*1654 inches in Stockholm, 39*1043 at Barcelona, 
the respective values of g being 32 # i8i9, 32*2122, and 
32*1620. 

The general result of observation shows that ^diminishes 
as we travel southwards, (say) from Lapland in latitude 70 
to the equator. This variation is due to two causes — (1) 
the earth rotates on its axis once in twenty-four hours ; (2) 
the earth is not an exact sphere, but is flattened at the 
poles. These causes are shown by astronomers to account 
for the observed variation in the force of gravity, which is, 
however, small, for Sir John Herschel states that a body 
weighing 194 lbs. at the equator will weigh 195 lbs. at the 
pole. That is, the difference between the equatorial and 
polar weights of one and the same mass of matter is 1 
part in 194 of its whole weight. 



CHAPTER IX. 

ELEMENTARY MECHANISM. 

The problem of the conversion of circular into recipro- 
cating motion has already been placed before the student 
in the most simple form which it can assume, and it will be 
convenient now to classify and arrange certain elementary 
pieces of mechanism or mechanical contrivances for the 
conversion of motion. We begin with a device commonly 
employed in the steam-engine, where it may serve either to 
convert circular into reciprocating motion or to change 
reciprocating into circular motion. 

121. The crank and connecting-rod are shown in 
the diagram as applied in a locomotive engine. The crank, 
c p, is part of the driving-wheel, and the connecting-rod, p q, 




is attached by a pin to the crank, cp, at p, and to a sliding 
piece at q, which is constrained to move m a.\wjfo«t«ai.\«s»s 
by the guides h k, r. m. 
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Here the pressure of steam on the piston in the steam 
cylinder causes q to oscillate between the guides, and thereby 
rotates the driving-wheel. 

It often happens that the rotation of c p is employed to 
cause a to-and-fro movement in q, and our first object will 
be to point out that in such a case the motion of q is affected 
by the varying inclination of p q. 




Let cp be the crank, pq the connecting-rod, and let 
a p b be the circle described by p. As before, the point q 
is constrained to move in the line d b, passing through c 

Draw p n perpendicular to a b, and let d and e be the 
extreme positions of q, then de = ab, 

Also a n is the resolved part of the motion of p in a p. 
„ r n „ „ „ p in r p. 

/. DQ = AN + RN==AR. 

Hence Q has the motion of r instead of that of n. 

If p q remained parallel to bd throughout the motion, 
the point q would have precisely the same movement as n. 

But such a thing could only happen if p q were infinite 
in length ; hence the motion of n is often spoken of as being 
that of a crank with an infinite link, the word • link ' being 
used to express the connecting-rod. 

It is of course inconvenient to have a connecting-rod of 

any great length, but there are contrivances in practice for 

obtaining the so-called motion of a crank with an infinite 

Jink, and one of them has already been put before the reader 

In Art. 67. 
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In order to show the effect produced by the angular 
position of p q. 

With centre Q and radius q p describe a circular arc, p r 
cutting a p, in r. 

Draw ch at right angles to acb, and let e be the 
position of q when p arrives at the point b. Then d e is 
the whole space described by q, and is called the stroke of 
the point Q. 

It follows that when c p comes to the position c h, or the 
crank has made one-fourth of a revolution, the point q is a 
little in advance of the middle of its stroke. 

This fact exercises an important influence on the work- 
ing of a steam-engine. 

In the steam-engine, q is connected directly with the 
piston of the steam cylinder, and it is evident that, when q 
is at either of the points d and e, the pressure on the piston, 
which acts in the line dacb, will not be able to move c p, 
for it will be a direct thrust or else a direct pull along the 
crank itself, and has no tendency to turn the crank. Hence 
the points a and b are technically known as dead points^ 
being points where the driving force ceases to operate. 

122. Cams. — Circular maybe converted into recipro- 
cating motion by the aid of cams. 

The term * cam ' is applied to a curved plate or groove 
which communicates motion to another piece by the action 
of its curved edge. 

Such a plate is shown in the sketch, and is marked a b c, 
the centre of motion being at c. It will be understood that 
the cam is mounted on a 
shaft running through c, and 
that its object is to give an 
up-and-down movement to 
the lever a p, whose fulcrum 
is at a. There is a roller or 
bowl, p, on the end of the 
lever in order to diminish the friction on \Y\fe cam-^a^ 
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In the drawing, the portions ab^ca^ are any given curves, 
and be is a portion of a circle described about c as a centre. 
It is easy to understand that, during the rotation of the 
cam in the direction of the arrow, the roller, p, at the end of 
the lever, a p, will be gradually raised by the curved portion 
a b, will be held at rest while b c passes underneath it, and, 
finally, will be allowed to fall by the action of c a. In this 
way a cam may be made to impart any required motion, 
and may reproduce in machinery those delicate and rapid 
movements which would otherwise demand the highest 
effort of skill from a practised workman. 

The cam, referred to above, communicates motion in a 
plane perpendicular to the axis about which it rotates, but 

it often happens that the 
motion is to be imparted 
in a direction parallel to 
the driving axis. In such 
a case the cam will no 
longer take the form of a 
plate, but will be a groove running round a circular cylinder. 
Such a cam is shown in the sketch, where acb is a lever 
having a fulcrum at c, and movable in the plane of the 
paper. The end b communicates with some mechanism, 
and the end a is driven by the cam, which takes the form of 
a groove running round the cylinder whose axis is parallel 
to the plane of the paper. It will be understood that, so 
long as this groove does not deviate from a circular ring 
whose plane is perpendicular to the axis of the cam-shaft, 
the lever will remain at rest, but the moment the groove 
departs in the least degree from this exact form, as indicated 
in the drawing, an up-and-down movement of the lever arm 
must take place. The deflection in the drawing indicates 
a rapid up-and-down movement of the lever arm c a. 

123. The heart-wheel is a form of cam which has been 

much used in spinning machinery, and serves to convert 

the uniform rotation of a shaft into an \ip-axv&-&o\\T\. ycyqns.- 
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mem, which is also uniform. One half of the cam gives the 
upward movement and the other half gives the downward 
movement. 

The drawing shows a heart-wheel, centred at c, and 
rotating in the direction of the arrow, 
the friction between the cam-plate 
and the piece on which it acts. A 
forked lever, bad, centred at a, is 
pushed to the left by the portion 
a b of the cam, whereby the chain, 
d r, is pulled down. As the part 
be comes under p, the forked 
lever returns at a rate determined 
by the shape of the cam, the necessary contact between p 
and the plate being kept up by the action of a weight or 
spring. 

Inasmuch as the form of the cam ought to be set out 
with accuracy, we shall show the geometrical construction 
for determining it. 

For simplicity, suppose that the roller, p, has diminished 
to a point, and that it is required to move p uniformly from 
a to b and back again as the cam rotates. 





Let c be the centre of motion, descrton ^ dsAa "* 
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radius c a, and set off the six equal angles, a c i, i c 2, and 
so on, each of which is equal to 30 . 

Divide a e into a like number of equal parts, marked 1, 
2, 3, &c, and with centre cand radius c 1, measured on the 
line c e, describe a circular arc meeting the inclined line 
c 1, and construct in a like manner for each of the points 1, 
2 » 3> &c., on the line c e. The curve of the cam will pass 
through the points 1, 2, 3, as shown by the full line in the 
diagram. 

We have set out six points only, but of course the number 
may be increased if greater accuracy be required. 

In order to allow for the use of a roller, we should, after 
setting out the curve as above, describe a number of small 
circles, each of which represents a section of the roller, and 
whose centres lie in the curve set out. An inner curved 
line resembling the original cam, but somewhat smaller, and 
touching the inside portion of each circle, will give the 
actual cam-plate required. 

124. Escapements. — Circular maybe converted into 
reciprocating motion by the aid of escapements. 

An escapement consists of a wheel fitted with teeth which 
are made to act upon two distinct pieces or pallets attached 
to a reciprocating frame, and it is arranged that when one 
tooth escapes or ceases to drive a pallet, the other shall 
commence its action. 

One of the most simple forms is the following : — 

A sliding frame, ab, is furnished with two projecting 
pieces at c and d, and within it is centred a wheel having 

three teeth, namely, p, q, 
and r. This wheel tends 
always to turn in the 
direction indicated by 
the arrow, and taking 
the position shown in 
the diagram, it is apparent that p is in the act of pressing d 
to the right. As the wheel continues to \otcy,/p V^ &y$ <^R 
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d or escape^ and Q will strike against c, and will drive a b to 
the left hand. Presently q escapes, and r comes in contact 
with d, whereby the frame is again driven to the right. 
Thus the rotation of the wheel causes a reciprocating move- 
ment in the sliding piece a b. 

It is clear that the wheel must have 1, 3, 5, or some odd 
number of teeth upon its circumference. 

125. Anchor or recoil escapement.— A great deal 
might be written upon escapements if there were more space 
at our disposal, but at present we only give one example, 
being the form of escapement invented by Dr. Hooke, the 
contemporary of Newton, and first applied when the pendu- 
lum came into use as a regulator of clocks. This device is 
called an anchor escapement, because the reciprocating 
frame, a b, mentioned in the last article, takes the form of 
an anchor^ and sometimes it is called a recoil escapement, 
because there is a defect in its action producing a recoil. 

Looking at the diagram of Hooke's invention — 

(1.) There is a wheel with pointed teeth, called an escape- 
wheel, centred at e, and tending to turn in the direction of 
the arrow. 

(2.) There is an anchor, 
a c b, centred at c, and pro- 
vided with projections or 
pallets, a m, b «, which en- 
gage with the teeth of the 
wheel. 

These pallets may be 
flat or slightly convex, but 
they are subject to the con- 
dition that the perpendicu- 
lar to a m shall pass above 
c, and the perpendicular to 
b« shall pass between c 
and e. The point of a tooth \s tepx^^tv\.^ *& \\»wx>sk 
escaped from the pallet b« after diwm^xlcve. axvOasst v^ *^ & 
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right hand, and the point ^, by pressing against a ;//, is sup- 
posed to have already pushed the anchor a little to the left 
hand, and thus the circular motion of the wheel sets up a 
vibratory or to-and-fro movement of the anchor upon the 
centre, c. 

If the escape-wheel engaged only a light metal anchor, 
such as that shown in the drawing, the rapidity of the 
vibration set up would be very great, but in a clock the 
object is to provide that the wheel shall advance by measured 
and regular steps, and the anchor is therefore controlled by 
the inertia of a comparatively heavy pendulum, which swings 
with it. 

There is one uniform method of connecting the anchor 
and pendulum which may be seen in any clock. The 
pendulum, consisting often of a compound metal rod with a 
heavy bob, is hung on a piece of flat steel spring, and swings 
in a plane behind the anchor from a different point of sus- 
pension. To the anchor is attached a light vertical rod 
with a forked end bent so as to embrace the pendulum rod. 
The result is that the anchor and pendulum swing together 
as one piece, although each has a separate point of suspen- 
sion. 

The function of the pendulum will now be understood 
As the pendulum swings to and fro it receives an impulse 
from the pointed teeth of the escape-wheel, first in one 
direction and then in the other, each impulse being given 
while the point of a tooth is sliding down the surface b n or 
along the surface a ;;/ in the direction from a to m. This 
impulse maintains the swing of the pendulum and prevents 
it from dying away. 

But the pendulum acts as a check on the rotation of 

the scape-wheel. As soon as a tooth falls (say) on b «, it 

can go no farther than bh allows it to move ; and here it is 

that a recoil is set up. When the tooth first strikes b «, the 

pendulum is swinging to the left, but the swing is not quite 

finished whereby the inertia of the petvdwVim caxtvs& ^ 
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tooth back a little, and the scape-wheel recoils until the 
pendulum reaches the end of its swing. At that instant the 
tooth presses the pendulum onwards and an impulse takes 
place. The like happens on the pallet a ;;/. 

This recoil is injurious for reasons which are beyond our 
scope, and it has been avoided by a different and improved 
construction of the pallets of the anchor, the result being 
that the time kept by a clock is sufficiently exact for the 
purposes of astronomers, who require to measure time with 
the utmost precision. The technical name for the improve- 
ment is the i dead-beat escapement.' 

The recoil escapement, in some shape or other, is applied 
separately and without any pendulum for the alarum of a 
clock. A hammer which strikes a bell is connected with 
the anchor, and is set into rapid vibration as the scape-wheel 
runs down. In this way blows are struck in quick succes- 
sion by the hammer upon the bell, and the sound of the 
alarum is set up. 

Finally, we remark that the recoil escapement may be 
used also to convert reciprocating into circular motion, for 
if the anchor be moved to and fro it will be found that the 
scape-wheel turns round always in one direction. 

126. Mangle motion. — Mangle-wheels or racks form 
a separate class of contrivances for the conversion of cir- 
cular into reciprocating motion. 

There is only space for one example, which is shown in 
the diagram, as taken from a model belonging to the Normal 
School. 

The lines ab,cd represent two horizontal guide-bars in 
which the block, m, moves by a sliding motion, p is a pinion 
turned by a winch-handle, and rotating always in one 
direction, as shown by the arrow. This pinion is swung on 
a bar having a fixed centre, so that it can be shifted from 
the position shown in the upper part of the diagram to that 
shown in the lower portion, and its axis \s ^\\\&fck \*i *• V^ 
running in the shaded groove in suc\\ a. toaM&sf ^Boafc.^ 
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teeth always engage with the double rack, rr, having 
rounded ends. 

In the upper sketch the block is moving to the right 
under the action of the pinion p, whereas in the lower 



AX 




sketch the pinion has run round the curved end of r r, and 
is engaging with the lower portion of the rack, whereby the 
sliding block is moved to the left, that is, in the opposite 
direction. Hence the continuous circular motion of the 
pinion, p, communicates an endlong to-and-fro movement 
to the sliding block. 

We pass on to a class of contrivances which are em- 
ployed in converting reciprocating into circular motion, being 
the converse problem to that last considered. 

127. A ratchet-wheel, as usually made with saw- 
shaped teeth, which is driven by a click or paul, b, and is 
prevented from recoiling or running back by a detent, d. 
The driver, b, may be mounted on a vibrating arm, ca, 
which moves to and fro through a small angle on a centre 
of motion, c. 

A ratchet-wheel, when made as shown in the diagram, 

can only be driven in one direction. As a c moves to the 

right hand, the paul, b, pushes round the wheel through a 

certain angle. Upon the return of a c, the paul, b, slides 

over the points of the teeth, and is xead^ ag&ft to ^ari\ the 
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wheel round through the same angle as before, being in all 
cases pressed against its teeth by its weight or by a spring. 

The detent, d, prevents the 
wheel from going back while b 
is moving over the teeth, and 
is employed when the wheel 
is liable to recoil, but in many 
cases, as where the friction 
of the parts with which the 
ratchet is connected is suffi- 
cient to hold it, the detent may 
be dispensed with. 

In this contrivance, circu- 
lar motion is derived from reciprocating motion by the simple 
expedient of suppressing one half of the reciprocating move- 
ment and allowing only the other half to be operative. 

The wheel, e, and the vibrating arm, ac, are often 
centred upon the same axis. 

A common method of applying a ratchet wheel in 
ordinary mechanism is to be found in the drawing of a winch 
or crab, as given in a subsequent article. . The object of the 
ratchet is to prevent the recoil of the barrel when the handle * 
is let go. 

There is a similar application of the ratchet-wheel to 
capstans, where the power is exerted on a number of bars 
or handspikes, standing out like the spokes of a wheel. 

In the case of a capstan, where the resistance overcome 
is often very great, it was an early improvement to provide 
two pauls or detents of different lengths, termed by the 
sailors paul and half paul % and thereby to hold up the 
barrel at shorter intervals, during the winding on of the 
rope ; in fact, a ratchet-wheel of 8 teeth thus became 
practically equivalent to one of 16 teeth, and the men were 
better protected from any injury which might be caused by 
the recoil of the handspikes. 

The principle of this contrivance Vs \et^ VoXjfi^g^a«»^ Bfi ^ 
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is shown in the sketch, where the two pauls, dp, eq, differ 
in length by half the space of a tooth. 

As the wheel advances by intervals of half a tooth, each 

paul falls alternately, and the 
i> /^s. same effect is produced as if 

the number of teeth were 
doubled, and there was one 
pauL 

In like manner three 

pauls might be used, each 

differing in length by £ the 

space of a tooth, and so the subdivision might be extended. 

The same principle may be applied to the driving paul, 

and in this way a ratchet with strong deep teeth, say 30 in 

number, may be made equivalent to a wheel with 60 teeth. 

For this purpose the clicks, dp, d q, are hung upon the 

same pin, d, and differ in length 
by half the space of a tooth. It 
is manifest that they will engage 
the teeth alternately, and that 
the wheel may be advanced by 
half the space of a tooth at 
each stroke, or, if preferred, by 
i£, 2 1 teeth at each stroke, and so on. 

And the similar construction may be applied in the case 
of 3 clicks, whereby the ratchet wheel is virtually a wheel 
having three times the original number of teeth. 

1 28. An example of the use of a ratchet is to be found in 
the ratchet-brace, which is a portable instrument for drilling 
holes in metal. 

It is represented in the diagram, taken from Mr. Shelley's 
1 Workshop Appliances,' and the ratchet is placed on the 
outside of the stock which carries the drill. The first thing 
to be done is to fix the work, or piece of metal operated on, 
so that it cannot move, and the instrument itself is held in 
position by d cramp, or bent bar of iron, ftircdy fixed in such 
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a manner that he point of the drill rests on the work, and 
the upper end of the brace, which terminates in a pointed 
cone of hard steel, abuts against an arm of the cramp. 
The drawing shows the drill, fixed into a stock, on the 
upper part of which is the ratchet employed for rotating the 




drill. There is a spring paul or detent pressing against the 
teeth and fixed to the handle, whereby the ratchet is driven 
when the handle is moved forward, and the paul slides over 
the teeth as the handle is carried back. In this way a to- 
and-fro movement of the handle produces an intermittent 
rotation of the drill spindle. 

The remainder of the instrument consists of a contri- 
vance for advancing or feeding on the cutter as the drill 
enters the work. For this purpose a screw comes into play, 
and it will be seen that the upper part of the drill stock 
terminates in a screw which enters a long nut with parallel 
sides. When this nut is not grasped by the hand, but is 
left free, the whole instrument, consisting of the stock, screw, 
and nut, rotates as one piece. But as soon as \\\^ ^okS^.- 
man grasps the nut or holds it vri\.\v aV^ ^ ^wwcfc.*" 
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from rotating, the screw is brought out and the point of the 
drill is pressed more strongly into the work. Thus the 
rotation of the drill is provided for by the ratchet, and the 
advance of the cutter is due to the action of a screw. It is 
from simple combinations of this kind that machine tools, 
which are so valuable in practice, are constructed. 

129. Wheels in trains. — When a series of wheels are 
in gear, we have a train of wheels. 

It has been shown that a wheel and pinion upon the 
same axis is a combination equivalent to a lever with unequal 
arms, and modifies the force which may be transmitted 
through it ; whereas a single wheel is equivalent to a lever 
with equal arms, and produces no modification in the force 
which may pass through it. 

I£ therefore, we have a train of wheels, a, b, c, l, as in 
the sketch, no two wheels being on the same axis, the train is 

equivalent to a single pair 
of wheels, viz. the first a 
and the last l. The inter- 
mediate wheels act as car- 
riers only, and produce the 
same effect as if a and l were connected by a band. 

Also since two wheels in gear turn in opposite directions, 
it follows that c turns in the same direction as a, but that 
b and a turn in the opposite direction ; that is to say, each 
additional wheel inserted between a and l changes the 
direction of the rotation of l. 

In a train of wheels, let a be the first driver and l the last 
follower, and let l make e revolutions while a makes one 
revolution, then 

= number of revolutions of l in a given time 
number of revolutions of a in same time * 
The ratio e, which may be a whole number or a fraction, 
is called the value of the train, and it can be determined 
when the arrangement of the train and the numbers of 
teeth upon the respective wheels ate gwen. 
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Let there be two wheels, a and b, in gear ; let a have m 
teeth and b have n teeth. Then 

m ___ circumference of p itch circle of a 
71 ~~ circumference of pitch circle of b' 

The efore num ber of revoL of b in a given time __ m 
9 number of revol. of a in same time n ' 

or, in this case, e = — . 

n 

Next, let a, b, c, l be in gear, as in last diagram, each 
wheel being on a separate axis, and let a, b, c, l have m 9 
», r, I teeth respectively. 

no. of revol. of b m no. of revol. of c n 



Then 



no. of revol. of a n 9 no. of revol. of b r* 
no. of revol. of l r 



no. of revol. of c /' 



Whence, by multiplica- 



tion, 



no. of revol. of l _ m_ n r_ m 

no. of revol. of a n r /"""/' 

m 
or «= 7 , 

and the value of the train is the same as if a and l were the 
only two wheels in gear. 

Next, alter the disposition of the wheels and put b and c 
on the same axis, as in the 
sketch. Then a and b together 
make a driver and follower, 
and so do c and l. Also b 
and c rotate together as one 
wheel. 

no. of revol. of b m no. of revol. of l r 




Hence 



no. of revol. of a n no. of revol. of c / 



d no. of revol. of b 5?-_°f re vol. of l _ m x r 
noTofTevol. of a no. of revol. of c n t 
number of revolutions ok^m r 
number of revolutions of k n I 
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And the same would be true for any number of wheels ; 
hence we have the following rule, which holds good when a 
number of wheels are in gear, viz. : 

__ product of numbers of teeth on drivers 
~~ product of numbers of teeth on followers" 

Ex. : Take the following train from Mr. Shelley's ' Work- 
shop Appliances,' as employed in screw-cutting: — 

Let a have 8o teeth 

b and c being 

on the same 

axis 

, 1 d, e, and l 

„ > being on se- 

„ J parate axes. 

w d, e are all drivers 
b, d, e, l are all followers. 

• e = 8o x 6o x 2I x 35 = 8 
20 x 21 x 35 x 30 

Or l makes 8 revolutions while a 
makes 1 revolution. 

As to the direction of rotation, where a train of wheels 
are in gear, the 1st, 3rd, 5th, &c. turn in the same 
direction, while the 2nd, 4th, &c. turn in the opposite 
direction. 

In the example just given, l is the 5th wheel, and there- 
fore turns in the same direction as a. 

130. The investigation here concluded will make clear the 
use of a train of wheels as modifying motion, but it is further 
necessary to consider the effect of a train of wheels as 
modifying the transmission of force, and for this purpose it 
may suffice to find the relation of p to w in the combination 
sketched, where a pair of toothed vtaed*,* fcx\&^\\*.v\\x£ 
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a common axis at f, is interposed between the wheels c 
and a. As before, the wheels are represented by their 
pitch circles, and let r be the action or reaction at k, and s 
the same at a. Then 

PXCB = RXCK 
R X KF = S X FA 
SXAD = WXED. 




• • 



□w 



PRSXCBXKFXAD = RSW XCK XFA X ED 

PXCBXKFXAD=WXCKXFAXED, 

P __CKXFAXED 
W ~~ 



or 



CB X KF X AD 

Let ;;/ n be the numbers of teeth on c, f, respectively 

S% * <« «* j) K, A, 

W 



»> 



I) 



99 



Then - = 



m x n ed 
x — 



» 



S X / B C 

It will be seen that the wheels c and f are the drivers, 
and k and a are the followers. Also that we might extend 
this combination by inserting another pair of unequal 
wheels between f and a, taking care that both were placed 
on the same axis. 

Let r> v be the numbers of teeth on the new driver and 
follower respectively, then we should have 

p _ m x n x r ejd 

w s x / x v BC 

Whence the gain of power by wheel v*otV Xiwss&ss* 
apparent 
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131. The winch or crab is an example of the lever it 

combination with toothed wheels and a chain-barrel o 
drum. 




The drawing is taken from an apparatus belonging to 
the Normal School. There are two strong cast-iron stan- 
dards united by tie bars, and supporting the wheelwork, 
which consists of two spur-wheels, c and H, the pinion, c, 
having 14 teeth, and the wheel, h, having 63 teeth. On 
the axis of the wheel, h, is a barrel or drum round which a 
chain or rope attached to the load is continually wound up. 
The bar, a m, forming the axis of the pinion, c, has squared 
ends in order to receive the winch -handles, one of which, 
viz. a B, is in position for use. The length of the lever, a b, 
is 13 inches, and the diameter of the barrel or drum is 4$ 
inches. 

It follows, from Art 91, that if p be the pressure exerted 
on the handle, a b, and w be the weight raised, we have 

Z=lix^9_ = -L, orw-rfp. 
w 63 4x13 26 

So much for the mechanical advantage ol ta&i&u&iaA; 
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and it only remains for us to consider the adjuncts, which 
are : — 

1. A ratchet-wheel and paul, p, placed at one end 
of the drum, whereof only the paul, p, comes out in the 
drawing ; the object of the ratchet and detent being to 
prevent the running back of the drum when the handle 
is let go. 

2. A friction brake strap, d s s, which embraces a wheel 
with a flat rim 12 inches in diameter, and can be brought 
to encircle the same as tightly as we please by the lever- 
handle, e r d, which has a fulcrum at d. The strap, d s s, is 
made of steel, and, since the wheel is of considerable size, 
the work which can be absorbed by the friction between its 
rim and the strap pressing around it, as one surface slips or 
moves under the other, is also considerable ; in fact, the 
friction set up by hand-pressure on the lever at e will be 
sufficient to hold up or to let down gradually any weight 
hanging as a load upon the chain or rope wound around the 
drum. 

132. A clock-train is shown in the diagram, in order 
to exhibit the manner in which a train of wheels is arranged 
in an ordinary clock. 

The names given to the several wheels are marked in 
the sketch, and it will be seen that the minute-hand is 
attached to the first pinion in gear with the great wheel 
Upon the axis of the great wheel is a drum, round which is 
coiled a cord or light chain or wire, carrying the weight 
which keeps the clock going by continually urging the great 
wheel to turn round ; and were it not for the check put 
upon the train by the anchor escapement and pallets there 
would be no measure of time. It often happens that a 
clock-train is used in small pieces of mechanism as a mover 
or motor of the wheel work, in which case the weight is re- 
placed by a spring coiled in a barrel, and a fusee is fastened 
to the axis of the great wheel. In such a txam \.\\w£.S&t>k> 
scape- wheel, but the regulation of tVve s\**& v& ^SfcRXftk^** 
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placing on the last wheel of the train, or that which turns 
most rapidly, a small arm with vanes at each end, whereby 
the resistance of the air comes into play, and the necessary 
drag upon the wheelwork is supplied. 

It is also quite common to employ a spring barrel and 
fusee for driving the wheelwork of an ordinary clock ; in 

fact, the use of 
weights has almost 
died out, the spring 
possessing so many 
advantages in prac- 
tice. Looking at 
the train, it must 
be arranged that the 
minute-hand shall 

/»" «£* GREAT WHEEL *£» 

centre^ ^ go round once in an 

® — ^ hour, and it is usual 

in a clock with a 
seconds' pendulum, 
to put 30 teeth on 
the scape - wheel, 
when the pendulum 
will make 60 swings 
in the period of one 
minute. It follows 
that the scape- wheel 
will rotate once in one minute, and if there be a seconds' 
hand (which is unusual in a clock) it will be attached to the 
arbor of the scape- wheel. The student will note that upon 
each axis of the train after the great wheel there is placed 
the combination of a large wheel and a pinion, as in the 
train discussed in Art. 130. It only remains, therefore, to 
arrange the numbers of teeth in such a manner that the 
scape-wheel shall rotate 60 times while the centre wheel, 
carrying the minute-hand, goes round once. Let each 
pinion, namely, those on the axis of the second-wheel and 




MINUTE 
HHIMO 



*^ymw&&^ * 



WEIGHT 
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the scape-wheel, have 8 teeth, and let the centre wheel 
have 64 teeth, and the second-wheel 60 teeth, then 

value of train = -4 — tt- — 60. 

8x8 

The number of teeth on the great wheel is not material, 
but the great wheel may conveniently go round once 
in 12 hours, whereby, if the pinion on the centre wheel 
has 8 teeth, the great wheel should have 96 teeth, and 
then the number of coils of the cord or chain on the 
barrel will determine the number of days during which the 
clock will keep time without being wound up. If there be 
16 turns made in winding up the weight the clock will of 
course go for 8 days. 

The mode of connecting the anchor pallets with the 
pendulum has already been explained. 

Another clock-train might be the following : — 

Let the great wheel make 26 turns and have 120 teeth, 
the centre wheel and pinion 72 and 16 teeth respectively, 
„ second „ „ „ 60 „ 12 „ „ 

scape-wheel pinion . 12 teeth. 

Then 72 x6 ° = 6 x 5 = 30. 

12 x 12 ^ 

Hence this train would work with a 2-seconds* pen- 
dulum, and is suited for a large turret clock. 

Also, when the great wheel makes 26 turns the centre 
pinion goes round 

26 V 20 or i 9S times. 
16 yD 

Hence the clock will go for 8 days of 24 hours each, 
with 3 hours to spare. 

133. The wheel and compound axle differs from 
the ordinary wheel and axle in having an axle made in two 
parts, the diameter of one part being madfc^Y\^te^ra&&sst 
than that of the other part A surplus \oo^ VsAsSx m *• **«&■ 
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or chain, and the two parts of it are wound in opposite 
directions, one on each axle, and the ends are then fastened 
to the respective axles. A pulley is then hung in the loop 
of the chain or cord to which is attached the weight to be 
raised. The wheel often takes the form of a lever handle, 
or it may be any simple equivalent for a lever, and the 
peculiarity of the contrivance is that the weight is being 
continually let down by the unwinding of the rope on the 
smaller axle, but is raised by the winding up of the rope on 
the larger axle. This is therefore called a differential com- 
bination, the weight rising by the difference of two opposite 
movements, the greater preponderating. 

Then drawing the horizontal line 
a b c n, let t be the tension of the cord 
round the pulley, and we have 




PXCA + TXCB =TXCD, 

•\ P X C A = T (C D — C B). 



AISO 2 T 






w 
= w, or t = — , 

2 

w 



p X C A = -(CD-CB). 

2 ' 

Let CA = ar, cd = r, cb = r, then 
w 



Ex. 



Then p = 



w x I 



2 a 
Let r = 3, r = 2, a = 12, 



w 



= or w = 24 p. 
24 



2 x 12 

By the principle of work, when the wheel makes one 
revolution, 

p goes down through 2 w a, 
e is raised through 2 tt r and let down by 2 tt r ; 

Therefore w rises through - x (2 tt r — 2 tt r), 

2 



or 



w 
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Hence p x 2 w a = w * (r — r), 
or p x 2 = w (r — r), 

or p = 



2a 



the same result as before. 

Theoretically, this is an excellent contrivance, but in 
practice it is most inconvenient, the reason being that a large 
quantity of rope must be provided while the weight rises 
through a comparatively small space. 

Ex. : Let r = n, r = 10, then the amount of rope 
coiled on the large barrel = 27rxii = 22 7r, whereas the 
' weight rises through a space v (11 — 10) or *-. Hence 22 
feet of rope are expended when w rises 1 foot. 

134. Weston's pulley-block is an improved form of 
the compound wheel and axle which is in common use, the 
difficulty about the expenditure of rope 
having been overcome by the simple ex- 
pedient of employing an endless rope or A 
chain, which merely rides without slipping 
on the upper surface of each pulley. 

It is shown in the sketch in front eleva- 
tion, and there is no coiling of the chain 
round each pulley, but a surplus portion 
hangs down as at x. 

Let a b c d be a horizontal line, and t, t 
the tensions of the two parts of the chain 
passing round a single movable pulley, e. 
Also let the power p be just competent to 
support the weight w, friction being neg- 
lected. 

Then pxac + txcb = txcd, 

which is the equation obtained in the pre- 
vious article. Hence, as before, 

p x ac = t (cd -cb) and zt-hj^ 




or p = 



w 
2 AC 



(CD- CY 
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In this case, however, ac=cdj wherefore, ifAC = CD=R, 
and c b = r, we have 






w 

2 R 



(R - r). 



135. The fusee is adopted in chronometers, in most 
English watches, and in many clocks, in order to keep up a 
uniform pressure on the train of wheels, and to compensate 
for the decreasing power of the spring. A long coiled band of 



Jlc A 



r"T 



/•AY^//^-/,? 




££ 



tempered steel is en- 
closed in a barrel, 
whose axis is a b, and 
sets the wheels in 
motion by the aid of 
acord or chain wound 
___^^^___ partly upon the bar- 

^^^^ » re i an( i partly upon a 

sort of tapering drum 
called a fusee, and marked f in the diagram. 

As the spring tends to uncoil in the barrel, the pull on 
the chain diminishes, and the object of the contrivance is to 
maintain this pull at a uniform intensity. The spring is 
wound up by a key fitted on to the winding square, c, and 
when the spring is fully coiled up, the greater part of the 
chain is wound upon the fusee, f. The wheelwork of the 
watch or clock is driven from the spur-wheel marked m 9 and 
just above ;;/ is a ratchet-wheel, «, engaging with a detent, 
which prevents the fusee from running back. 

As the spring tends to uncoil, it exerts a pull upon the 
fusee, which is constantly becoming a little less powerful, 
also the fusee slowly turns as the watch runs down, and the 
chain becomes unwound from the fusee, and is rewound 
automatically upon the barrel. At the same time the pull 
of chain is felt on a part of the fusee which is nearer the 
base, and where the leverage is greater. It follows that, if 
the form of the fusee be properly adjusted to the decreasing 
power of the spring— which is done ty tm\ % ot should be so 
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done — the pull of the chain will remain very nearly constant 
during the whole time of action. 

It is easy to test the adjustment of the strength of the 
spring to the form of the fusee by fixing a light lever to the 
winding square, and trying whether or not the pull of the 
spring is balanced in every position by the same weight 
hung at the end of the lever. The fusee should be cutaway 
a little where it might be necessary to do so. 

136. Speed pulleys are so called because they allow 
of the transfer of different velocities of rotation from one 
shaft to another : they are much 
used in engineers' factories, and rrj 
an example is seen in the draw- f~~ 
ings of the lathes given in the ^^ 
next chapter. 

They are made in a series 
of steps, as shown, one pulley 
being the counterpart of the 
other, but pointing in the oppo- 
site direction. If the steps be 
equal, as is commonly the case, 
the sum of the radii of each 
pair of opposite pulleys will be * 
a constant quantity. 

There is a geometrical pro- 
position connected with speed pulleys, namely, that when 
the belt connecting them is crossed, as in the diagram, and 
is made of the proper length, it will also be of the right 
length for every pair of the series. This is only strictly 
true when the band is crossed. In practice, open bands 
which do not cross are preferred, the deviation from the exact 
law above stated being so small that it may be disregarded. 

To prove the proposition. 

Let a and b represent two pulleys whose radii are a p 
and b q, and assume that a p + b q is always tte wsa, Ss*. 
every pair. 
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Then if a p be increased by (say) i inch, and b q be 
decreased also by i inch, it is clear that p q will remain 
parallel to itself, and will be shifted through i inch. Hence 
the angles, cap and dbq, will remain unchanged. 

Then length of belt = 2 a p x angle cap+ 2 b d x 
angle dbq + 2PQ 

= 2 (a p + b d) x angle cap+ 2 p q. 

But ap +b d is constant, pq is constant, and so is the 
angle cap, .\ the length of the belt remains unchanged. 

137. The steelyard is a simple unbalanced lever having 
a fulcrum near one end. It is shown in the sketch, where 
the fulcrum, c, rests in the loop of a hook. The weight, w, is 
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suspended at a point, n, and a movable weight, p, hanging 
on a ring, m, is placed at such a distance along the graduated 
arm, c a, as just to balance w. 

The difficulty connected with the steelyard is the 
method of graduating it, for no attempt is made to balance 
the steelyard so that it may rest in a horizontal position 
when p and w are removed. 

Remove p and w, and let q be the weight of the steel- 
yard, with the hook at n after p and w are taken off. We shall 

/L m dcgtj suppose that the weight, q, 

J l n ' I acts as if it were collected 

at a certain point, g, and 
in order to counterbalance 
this weight we thread p on the arm c k axvd move it to 



I 
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a point, d, to be found by trial, such that p at d balances q 
at g, the point c being the fulcrum. 

Hence pxcd = qxcg, 

Now hang w at n, and let it be counterbalanced by p at 
m. We must remember that there is a permanent weight, Q, 
acting at g. 

Therefore pxcm = w xcn + q xcg 

= wxcn + pxcd. 

Hence p(cm-cd) = wxcn 

or p xdm = w x c N. 

Let w = 1 lb. then d m = — 

p 

w = 2 lb. „ d m = ?-^?, and so on. 

p 

It appears, therefore, that the graduations 1, 2, 3, 4, &c. 
lbs. will reckon from the point d, and not from the ful- 
crum c. 

The point d is marked in both diagrams, and it will be 
seen that the graduations measure from that point. 

138. The balance is an instrument of the highest im- 
portance, and is constructed in a variety of forms, according 
to the uses to which it is applicable. It consists essentially 
of a lever, a b, with equal arms, supported on a fulcrum, c, 
and having scale-pans suspended at the ends of the arms. 
The drawing on page 144 is taken from a small instrument of 
fairly good construction, such as is commonly met with, the 
length of the beam being eight inches. When the weights 
in the two pans are equal, the arm rests in a horizontal 
position, and when one weight is a little in excess, the beam 
tilts through an angle, as indicated by the pointer p, shown in 
the sketch. The balance hangs from an arm, d, which can 
be raised or lowered at pleasure. 

Since the beam of the balance is essentially a. s&w&^fc. 
lever, the first thing to provide fox vs >sJcvaX >frv^ ^. * 
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support of the beam, and the points from which the scale- 
pans hang, shall be in the same straight line. 

It is the universal practice to adopt, for the support of 
the beam and the suspension of the scale-pans, a system of 
so-called knife edges, which are triangular wedges of steel 




resting upon hardened steel or agate surfaces. Such knife 
edges are shown in the sketch, and again in the next diagram, 
the angular point of each wedge being in the straight line 

ACB. 

Also it is essential that the beam should rest in stable 
equilibrium on the point c, and its centre of gravity must 
therefore lie below the point c. 

Where it is required that the balance shall indicate small 
differences of weight, the centre of gravity of the beam should 
be brought very near to c. 

139. Sensibility of balance. — The balance, as em- 
ployed in a chemical laboratory, is an instrument containing 
so many re/inements of construction tYiaX \t \& not ^sMe. 
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to describe it within the space at our disposal, and there is 
only one matter which can be touched upon, viz. its sensi- 
bility, which is measured by the deviation of the beam from 
the horizontal position is caused by a given small excess of 
weight in one of the pans. 

Let a c b be the beam of a balance, c the point of sus- 
pension, w the weight of the beam and its appendages acting 
at their centre of gravity, g. Let there be a weight, p, in 
one scale-pan, and p + x in the other pan. 

B 




Draw the horizontal line mcn through c, meeting the 
verticals through a and b in m and n, and draw gh perpen- 
dicular to M N. 

Then (p + #)cm = p x cn + w x c h. 

But CM = CN .*. ^XCM = WXCH. 



CH 



AM 



But by similar triangles, — = 

CG CA 



X X CM = 



AM = 



W X CG X AM 

CA 
X X CA X CM 
W X CG 



But c m = c a very nearly, 



am = 



X X CA 



2 



W X CG 

It is evident that a m is a measure of the sensibility, and 
that the greater am is, the more sensitive will be the 
balance for any given difference of weights in the two pans. 

Also the sensibility is increased by \Tvcrea&\\\% ^. W^ 
diminishing w, and by dimin\shm& c o. 
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Ex. : Let c a = 10 inches, cosj 1 , inch, x = J grain, 
w = 2,000 grains. 

.'. W X C C = -*gg a = IOO. 
X X CA* = J X IOO = 50. 

or the point A would descend £ inch for a difference of 
£ grain in the two pans. 

140. A lifting-jack, which frequently takes the form 
of a screw-jack, is shown in the diagram. It here consists 
of a strong square-threaded screw, 
s s, passing through a nut or por- 
tion of a female screw at the top 
of a strong casing, lm, which 
serves as a pedestal to support 
any load resting on the screw- 
jack. The screw, s s, is rotated 
by a lever handle or bar, ab, 
passed through a hole in an en- 
larged head at the top of s s. 

The weight to be raised rests 
on a claw, d, which can rotate 
freely in a socket, whence it fol- 
lows that the rotation of the screw will cause the body rest- 
g on d to rise or fall without any rotation. 

141. The snatch-block is an applica- 
tion of the single movable pulley which 
is often seen in a crane, and is shown 
in the drawing, taken from a lecture 
diagram by Sir J. Anderson. The end 
of the jib of the crane with the so- 
called snatch-block, or single movable 
pulley, forms the subject of the sketch, 
the weight supported being twelve tons, 
^istohs and the pull of the chain being reduced 
one half, namely, to six tons, by the use 
of the block or pulley. 
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142- The Geneva stop has been invented to prevent 
the overwinding of a spring enclosed in a barrel, as in the 
case of a musical-box, or a Swiss watch. 
The disc, a, is fixed on the axis of the 
barrel containing the spring, and has 
a single projecting tooth, p. It is 
turned by a key applied to the winding 




As a goes round, the tooth, p, enters 
a recess on the disc, b, and turns it 
through a definite angle, the peculi- 
arity being that b is held firmly by 
the fitting together of the convex and 
concave surfaces on a and b respectively. This goes on 
until the convex surface of a meets the convex position, e, 
which is allowed to remain upon the disc, b, in order to 
stop the winding up. 

Thus a can make a certain number of turns, and no 
more, which is the object of the contrivance. As the spring 
uncoils, A runs back until it is 
again stopped by the convex por- 
tion, E. 

143- Bellcrank levers serve 
to change the line of direction of 
some small motion. They con- 
sist simply of two arms standing 
out from a fixed axis so as to * 

form a bent lever. By setting out ac, bc, perpandi- 
cular to a d, d b, respectively, it will be easy to change the 
movements according to any required law, for if the bent 
lever turns through a small angle, we have 
velocity of a _ \c 
velocity of B cb' 
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CHAPTER X. 

TRUTH OF SURFACE — STRENGTH OF MATERIALS — THE 

LATHE. 

It has been said by an eminent mechanician that the first 
lesson which the student of mechanics ought to learn is the 
method of producing true surfaces. The power of con- 
structing machinery of precision depends on the excellence 
of machine tools, and such an instrument as a Whitworth 
lathe has become proverbial for the accuracy of the work 
which can be turned out from it. As the beginner advances 
in his knowledge he will find that the great point to be 
aimed at in practice is truth of surface, and a few observations, 
which are merely suggestive, may here find a place. 

The two primary surfaces of essential importance in the 
workshop are a so-called * true plane ' and a cylinder. The 
first may take the form of a surface plate made in cast iron, 
the second may be a gauge or cylinder of steel a few inches 
in length, with a collar to fit, and so accurately worked to 
truth that a difference of 10000 of an mc h m size between 
the cylinder and the collar shows a difference in the fit 
which must surprise any one who sees it for the first time. 
It is something also to be able to measure, without any 
magnifying-glass, a difference of -n^w of an inch, and 
the power of doing this depends on a measuring-machine, 
wherein truth of surface is essential. 

144. A surface plate, upon which the engineer de- 
pends for the truth of plane surfaces, was first brought into 
notice by Sir J. Whitworth in 1840, and originated from a 
systematic attempt to bring the plane surface on the bed of 
a lathe to the highest perfection. 
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Up to that time the process relied upon for obtaining 
plane surfaces, and, indeed, the only one practically used, 
had involved the grinding two plates together with emery 
powder and water. While the operation was going on the 
plates under preparation were occasionally compared with 
a standard plate, but the standard itself was imperfect, the 
method of comparison was uncertain, and the results now 
arrived at could not be approached. 

The operation of grinding fails for the obvious reason 
that the action of the powder cannot be restricted to those 
parts only which are in error, and, accordingly, Sir J. Whit- 
worth proposed to obtain truth of surface by a system of 
scraping away all the parts which are out of truth. 

The surface plate, as commonly used, is a rectangular 
plate of cast iron, strongly ribbed at the back, and stand- 
ing upon three bearings or supports. In a more recent 
form it is a hexagonal plate having three bearings in the 
points of an equilateral triangle. It was called by the 
inventor a true plane, and, although absolute truth is im- 
possible, it presents a wonderfully close approximation to 
exact truth. 

In order to originate a standard surface plate, it is ne- 
cessary to operate upon three plates at the same time. Call 
them a, b, and c, and let them be prepared in the planing- 
machines by levelling the supports and planing over the 
surfaces. A little red ochre and oil being smeared on plate 
a, the plates b and c are rubbed upon it in order to take 
up the colouring matter where there is contact. The parts 
so marked are above the general level, and are scraped by a 
small scraper of steel having two facets at an angle of 6o°. In 
this way b and c are brought to coincide with a ; then b and c 
are compared together, and one of them, as b, is corrected, 
after which a and c are brought to coincide with b, and so 
on until there is a perfect coincidence between all three 
plates, when each must be a plane surface. 

The standard being obtained by 8cra£Yo%, \x& *>»$»« *^ 
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mottled throughout by the action of the tool, and it consists 
of an assemblage of bearing surfaces which become bright 
by the rubbing that takes place during comparison, and 
which should be closely and evenly distributed throughout 
its surface. 

We may sum up the conditions required as follows : 

1. The bearing surfaces should all lie in the same plane. 

2. They should be distributed as nearly as possible at 
equal distances from each other. 

3. They should be sufficiently numerous for the par- 
ticular application intended. 

A standard plate being once obtained, it can be used 
for reference in the workshop, and by the system of scraping 
any other surface may be brought up to the same accuracy 
as the standard to which it is referred 

From the true plane we pass on to a measuring-machine 
capable of measuring the exact length of a rectangular bar 
with plane ends perpendicular to its axis, and thus we obtain 
standards of one foot, one inch, &c From plane surfaces 
we pass to cylinders, and obtain cylindrical gauges, which 
complete the measuring apparatus. 

With the improved machinery of the present day, a manu- 
facturer can reproduce any number of pieces which shall be 
interchangeable, and form, when put together, a complete 
instrument, although each separate part is picked out from a 
number of others of the same kind. 

145. Stress and strain. — In common language, these 
words are used indifferently to express either the force 
acting on a body (say a bar of iron) to bend or break it, 
or the extension and amount of change of form whereby it 
becomes bent or otherwise affected by the force in action. 

Strain is, however, defined in technical treatises to be 
the alteration of figure, of whatever kind, produced in a body 
by the operation of force. 

Stress is the force producing such change of form. 

146. Tensile Stress occurs when a xod ox has is 
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securely clamped at one end and supports a given weight 
hung upon it. The effect of the load is simply to stretch the 
bar, or, in extreme cases, to pull it asunder into two pieces. 

The metals used by engineers, such as iron, steel, gun- 
metal, &c, are carefully tested in machines made for the pur- 
pose, whereby the exact stress can be accurately measured 

For example, Sir J. Whitworth has tested the strength 
of steel as follows : — a b is a cylinder of steel, two inches in 
length in the central part d c, where it is carefully turned so 
as to be quite cylindrical, and is 7979 inch in diameter, the 
area being ^ of a square inch. The specimen here shown is 
screwed into blocks, but a test-piece has usually enlarged 
ends, whereby it is 
held when placed in 
the machine, and it 
is subjected to a 

continually increas- A lfflffli l|| | f^IIIll B 

ing pull, which is 
measured. It soon yields and lengthens a little, after which, 
if the stress be taken off, it will recover its original dimensions. 
But if the pull exceeds a certain limit the test-piece extends 
or elongates permanently, it becomes of smaller diameter in 
the central part, and may lengthen to the extent shown in 
the diagram before it finally breaks into two pieces. 

If the fractured pieces are fitted together, the length of 
the part e f as compared with d c will show the amount of 
elongation. Thus, if e f be 2 \ inches and d c be 2 inches, 
we should call the elongation, or ductility, 25 per cent. 

147. The laws observed by experiment are the follow- 
ing :— 

(1) The amount of extension for the same bar is, up to 
a limit, in direct proportion to the stretching weight. 

(2) It varies as the length of the rod. 

(3) It varies inversely as the sectional area of the rod. 
That is, if the area be doubled, the resistatvcfc \& «&&Nsssfe. 
will also be doubled. 
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(4) It depends on the nature of the material. Thus 
good steel resists extension more powerfully than wrought 
iron. 

The student will find tables in which the tensile strength 
of materials is given for a bar 1 square inch in sectional 
area. From such a table the tensile strength of any other 
sized bar can be inferred by rule 3. The breaking weights 
are in direct proportion to the cross sectional areas. 

148. The limit of elasticity is a phrase applied to de- 
note that the test specimen has been stretched to the utmost 
limit at which its recovery of form is perfect when released 
from the machine. To observe this limit, two fine cross 
lines are engraved on d c by a scriber, and the distance is 
carefully noted, or an indicator of some kind may be used. 
The bar is put under tension and the load is taken off, the 
distance between the lines being gauged. As soon as per- 
manent elongation occurs, the limit of recovery of form, 
or the limit of elasticity, is reached. 

Thus the limit of elasticity of wrought iron is about 10 
tons on the square inch. 

But the bar will not break with a load of (say) 15 or 20 
tons. It would, however, be unsafe to load it to that extent, 
as fracture might occur at any time. 

In trials with the testing-machine the bar would bear 
(say) 24 tons without absolutely giving way. With that 
load, however, it would go on elongating and would finally 
break. Hence there is a record taken of 

(1) The limit of elasticity. 

(2) The breaking weight 

(3) The ductility or proportionate elongation. 

149. The modulus of elasticity is a term used to 

stress 

express the ratio — in the case of a rod of any material 

strain 

subjected either to a tensile strain, or to compression, within 

the limits of elasticity. 

Here the stress will be expressed itv ipo\mds ^et s<\. inch 
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of section, and the strain will be the elongation in inches 
per inch of length of the rod. 

For example, let a rod of iron 10 feet long, and 1 sq. 
inch in section, be elongated by '0052 of an inch under a 
stress of 1262 lbs. Then, since the rod is 120 inches in 

length, the elongation per inch is 2251. Therefore 

120 

1262 , 

stress 1262 x 120 

slraln = '22S1 = » OQ52 = 29,120,000 lbs. per sq. m. 

120 

If it were possible for the rod of sectional area, 1 sq. 
inch, to elongate to twice its length without exceeding the 
limits of elasticity, we should have strain = 1 inch, in 
which case the modulus would be the number of pounds 
necessary to produce this result, which is an enormous 
number in the case of the materials used by engineers, as 
appears from the result given above. 

150. Cast iron is the form in which iron first appears 
when manufactured in blast furnaces from ironstone ores. 

It is the metal iron impregnated with a considerable 
quantity of carbon derived from the fuel employed to melt 
it, the effect of the carbon being to render the iron both 
fusible and brittle. 

Cast iron is often known as pig iron, being cast in small 
bars called * pigs,' and the student should understand that 
the combination of iron with carbon is matter for careful 
study, because the mechanical qualities of the metal are so 
largely influenced by the presence of carbon. 

Iron will combine with carbon in chemical union, in 
which case the metal presents certain well-defined proper- 
ties, but it will also take up carbon in the form of graphite 
or blacklead (from which pencils are made), the graphite 
being mechanically mixed with the iron, and then the metal 
presents another set of properties. The student must x^tex 
to treatises on metallurgy for mfoxma&OTt oxv \&y3» cots^ 
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subject, as he will here find merely an outline of two or 
three prominent points. 

Cast iron may contain from 2 to 5 per cent, of carbon, 
and if the whole of the carbon were combined with the iron 
the product would be white iron, which is silvery in fracture, 
and so hard that it cannot be shaped by cutting tools. It 
is therefore not used for casting purposes. 

If some 2 to 3 per cent, of the carbon be present in the 
form of graphite the iron changes its character ; it becomes 
grey in fracture, is very fluid when molten, so that it pene- 
trates easily into the intricacies of a mould, and, what is of 
great importance, it can be shaped by cutting tools in the 
workshop. It is friable and breaks up under the cutter, and 
that is why it is selected for a surface plate. The scraper 
removes the metal in a fine dust. 

The average specific gravity of cast iron is 7*1. The 
average weight of a cubic foot is 444 lbs. and of a cubic 
inch, '257 lb. 

Iron contracts in cooling when cast, the contraction for 
large castings being £ inch per foot, and in small castings 
•x^ inch per foot. 

The tensile strength of cast iron is given at 7 or 8 tons 
per square inch, and the resistance to compression is about 
six times as great — a property which is taken advantage of 
in designing cast-iron beams. 

According to Sir J. Anderson, the limit of elasticity is 
about half the breaking weight. 

A cast-iron test-piece does not elongate perceptibly to 
ordinary observation, and it suddenly breaks without giving 
any warning. 

In practice the safe load in tension for cast iron would 
be from i\ to 2\ tons per square inch. 

151. Wrought or malleable iron is the metal nearly 
pure, or not contaminated with so much as £ per cent of 
carbon. It may be forged and welded, and is very ductile. 
The fracture is fibrous, but in some cases crystalline. It 
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does not melt, but merely softens in an ordinary furnace, 
and is shaped into useful forms by forging and compression, 
but not by moulding. Dilute nitric acid leaves a green stain 
upon it. Sir J. Whitworth has found the tensile strength 
of the best Yorkshire or Lowmoor iron to be 27 tons per 
square inch, with a ductility of 38 per cent The specific 
gravity of Yorkshire iron is given as 776, the weight of a 
cubic foot at 485 lbs., and of a cubic inch at '281 lb. 

As an average, the elastic limit of Lowmoor iron may be 
taken at 26,500 lbs. per square inch in tension and 26,000 
lbs. in compression, the breaking load being 54,000 lbs. 
when in tension. 

As a practical rule, the safe load for good wrought iron 
would be 4 tons per square inch in tension and 5 tons in 
compression, or (say) 4^ tons for both. 

152. Steel is iron combined with a very small percentage 
of carbon, its distinguishing property being that it becomes 
hardened by sudden cooling. Wrought iron has no such 
property, but becomes steely iron on acquiring 2 or 3 parts 
of carbon to 1,000 of the metal. 

The steel employed for rails or armour plates contains 
the smallest amount of carbon, that for cutting tools may 
contain 1 to i\ per cent, of carbon. 

When heated sufficiently, steel may be forged, and if 
allowed to cool very slowly it remains soft, like malleable 
iron, and can be shaped by cutting tools with great facility. 

But a piece of soft steel may be readily hardened, for if 
it be raised to a dull red heat and suddenly cooled by being 
plunged into oil or water, it becomes extremely hard and 
brittle ; so hard, indeed, that no tools (which are themselves 
made of hardened steel) can touch it. 

This is one of the valuable qualities of steel. For ex- 
ample, in coining sovereigns a steel die is engraved, and is 
then hardened and impressed on a piece of soft steel. This 
makes an exact counterpart in relief. The countet^ax*. vs> 
hardened, and may impress a copy of lYve on^naX. w%jsn^ 
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die on a number of pieces of soft steel ; each of these may be 
hardened and used for stamping the disc of gold which is to 
form a sovereign. 

In order to make this hardened steel less brittle, and 
yet preserve sufficient hardness for the cutting edge of a 
tool, the steel is tempered, or let down, as it were, from the 
extreme state by heating to a certain temperature and then 
allowing it to cool slowly. If any part of the surface be 
bright a thin film of oxide forms thereon, and the colour 
changes with the gradations in temperature from pale straw 
to brown yellow, and so to a purple passing into a dark blue, 
such as we see in watch-springs. 

The yellow varies from 430 to 490 for lancets and 
cutting tools. 

The brown, yellow, and purple from 500 to 530 for 
hatchets, chipping chisels, &c. 

The blue from 550 to 6oo° for springs, swords, &c. 

Or the hardening and tempering may be done at one pro- 
cess by heating the steel to a temperature less than red heat, 
and then plunging it into a bath of oil and allowing it to cool 
therein. When steel is tempered its limit of elasticity may 
be as much as three times that of the wrought iron from 
which it has been manufactured. 

Steel may be cast, but under ordinary conditions the 
metal may suffer from the presence of small gas-cells. Sir 
J. Whitworth has patented a process of manufacturing steel 
for engineering purposes by compression when in a liquid 
state, and he subjects the liquid steel to a pressure of from 
10 to 20 tons on the square inch. Steel so treated is known 
as fluid compressed steel, and has great strength as well as 
ductility, being uniform in texture throughout. One quality, 
produced in large quantities, has a tensile strength of 40 tons 
per square inch, with a ductility of 32 percent 

Specimens of steel may often have a tensile strength of 
50 to 60 tons per square inch. 

It is stated that mild steel, with a tensile strength of 



Steel. 157 

30 tons and a ductility of 26 per cent, would probably have 
a limit of elasticity of about 13 tons. 

Dilute nitric acid makes a dark grey stain upon steel. 

*53- Copper is a most valuable metal, but is used by 
engineers more commonly when alloyed with other metals 
than in a separate state. It can be forged, hence the use of 
copper bolts, but its tenacity is inferior to wrought iron, as it 
will break under a stress of 15 tons per square inch. In 
the ingot or cast condition it is very much weaker than after 
hammering. 

Its specific gravity is 2>*%, the weight of a cubic foot 
being 550 lbs, and that of a cubic inch '318 lb. 

Tin is principally used by engineers in alloys with copper. 
It protects iron plate as a covering, and the iron is then 
called ' tin plate.' It is used with some admixture as a lining 
for brasses, when it is called * white metal/ It is very soft, and 
its tensile strength is 2*1 tons per square inch. It melts at 
442 ° Fahr. Its specific gravity is 7*3. 

Brass is an alloy of copper and zinc, called C and Z, " 
and is 2C + Z, which proportions may be varied. It is 
of a yellow colour, and is very easily worked in the lathe. 
When melted some of the zinc always burns away and gives 
rise to the flame which is observed in pouring brass into a 
mould. It cannot be forged, being rotten while hot. 

Muntz metal is 3C + 2Z. It is very strong, and is 
valued accordingly. Its tenacity is about 22 tons per 
square inch, being nearly equal to that of good wrought 
iron. It is very ductile, and can be forged when hot. 
By the addition of about 1 per cent, of tin, called T, it 
becomes naval brass, and can resist the action of salt water. 

Gun metal is 9C+T. It has a much redder tinge than 
ordinary brass. Its average tenacity is given by Sir J. 
Anderson as 31,280 lbs. per square inch, and its limit of 
elasticity is 15,164 lbs. per square inch, its ductility being 25 
per cent. 

154, Transverse stress upon ataaxcv o\ \»x Sa»\ps* 
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duced by a force acting perpendicularly to the axis of 
the bar. 

There are two principal cases : 

(i) When a bar or beam is fixed at one end, or built 
into a wall and stands out perpendicularly for supporting a 
load. It is then called a cantilever. 

(2) Where a bar or beam is supported at both ends, and 
loaded in the intermediate portion, as in the case of the 
joists or beams of timber which support the flooring of a 
room. 

The problem of finding the form and dimensions of a 
beam in order to resist a given transverse stress is divided 
into two parts. 

First We calculate the moment of the forces arising 
from the weight of the beam and the load upon it, and esti- 
mate that moment about any point of the beam which may 
be selected. 

We thus estimate the so-called bending moment, or the 
measure of the effect of the forces tending to bend or break 
the beam, at any point of it. 

As an example, take two simple cases : — 

(1) Let ABrepresent a rectangular beam of length, /, which 
is supported at its ends and loaded in the centre, c, with a 

weight, w. Then — is the pressure at a or b, the weight of 

2 

the beam being neglected. Hence 

Bending moment atc = — x -= — • 

224 
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(2) Let a b represent the same beam with the same 
load, w, uniformly distributed along its length as represented 
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by a number of small loads. Then the load on c b is — 

2 

acting at the middle point, d. Therefore 

Bendingmomentatc = ^.xi-^xi=^/. 

2 2 2 4 8 

This shows the influence of the distribution of load. 

Secondly. We assume that the beam is made up of a 
number of elastic bars or fibres running parallel to its length. 
Conceive that the beam is fixed into a wall at one end and 
loaded at the other end, and it will be apparent that the 
fibres in the upper part will be in tension and those in the lower 
part will be in compression. Somewhere in the middle of 
the beam the fibres will be neither extended nor compressed. 
There is a mathematical investigation beyond the student at 
present, which gives the sum of the moments of the resist- 
ances of all the fibres to extension and compression, such 
moment being taken about the point where there is neither 
extension nor compression. After this moment has been 
ascertained, it only remains to equate it to the bending 
moment produced by the external forces, and the problem 
can be fully solved. 

In order to give some idea of what is meant, take the 
case of a rectangular beam, b d, standing out horizontally 
from a vertical wall, and loaded 
at one end by a given weight, w. . f^ 

Let ab = £, bc = 4 ad B 
= /, and assume that m n re- m 
presents the line about which 
the moments of resistances of 
the fibres are taken. 

Then theory tells us that the sum of the moments of the 
resistances of the fibres = sbd 2 , where s is a number de- 
pendent on the material of the beam. Also the bending 
moment = w /, in this case, 

/. w/ = sfcd\ 
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an equation which enables us to solve numerical examples. 
Again, if the beam had been supported at both ends and 
loaded in the centre with a weight, w, we should have had 
the equation 

— = s&d 2 , and so for other cases. 

4 

The quantity s being thus known for any particular 
material, a variety of questions may be proposed on the 
formula 

4 
or upon other like formulae. Thus if the dimensions of the 
beam are given, we can find the weight which it will sup- 
port, or if w, /, and b are given, we can find d, and so on. 

155. Having proved that the strength of a rectangular 
beam varies as (breadth) x (depth) 2 , we should endeavour 
to dispose the material of an iron beam in a more advan- 
tageous manner than is practicable with timber. There are 
three common forms of rolled bar iron used in construction, 
which are known as angle iron, T iron, and channel iron, 
where the strength due to increased depth is exhibited. 






They are placed in order in the sketch. In the case of 
angle iron, there is increased strength due to the increased 
depth in the two perpendicular directions, ac, ab. In the 
T iron we have a sort of double angle iron, and in the 
channel iron there is again the increased strength due to 
the parts ab,cd. The last form is much used in the con- 
struction of iron bridges, and, as often happens in mechanics, 
it has proved useful in very homely applications. The 
frames of umbrellas are now made of steel wire rolled in 
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the form of channel iron, and are stronger and lighter than 
those of the old-fashioned construction, where the ribs were 
solid square wires. 

156. In girder beams the principal forms of section are 
shown in the diagram. 

The term girder beam is technically applied to beams of 
wrought or cast iron, such as are in use for supporting road- 
ways or the floors of warehouses. 

As stated, the resistance of cast iron to compression is 
6 times its resistance to tensioa Hence the material is dis 
posed in two flanges, 
a b, c d, united by a 
web, and the area of 
the top flange, a b, 
which resists com- 
pression, may be one- 
sixth of the area of 
the bottom flange, 
c d, which resists ex- 
tension. In practice 

the area of the top flange is often one-fourth that of the 
lower flange. 

Whereas in wrought-iron beams, where the resistances to 
compression and extension are nearly equal, the material 
may be disposed in two equal flanges, a b, c d, united either 
by a single web, or by a double web, forming a box, as in 
the sketch. 

The student has, no doubt, observed that in many cases 
an iron beam is deeper in the centre and tapers in a some- 
what bowed form towards the end. This shows the influence 
of length. In the simple case of a beam supported at the 
ends, and uniformly loaded, it will be found that the bending 
moment increases as we approach the centre, and there- 
fore the cross sectional area must be enlarged in like pro- 
portion. The law of distribution of the mataxu& \k\. ^asSfc. 
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cases is matter of calculation, and cannot De discussed in an 
elementary treatise. 

157. The foot-lathe — In order to give some elemen- 
tary instruction in mechanism which will be readily under- 
stood from what has preceded, we refer to drawings (1) of 
a mechanic's foot-lathe ; (2) of a screw-cutting lathe worked 
by steam power, a more detailed description of which will 
be found in Mr. Shelley's 'Workshop Appliances.' 




In the foot-lathe there is an application of the crank 
and connecting-rod. The bar which crosses between the 
two upright standards, a, a, is cranked near the centre, and 
connected by a hooked link or connecting-rod to the treadle, 
/ which oscillates on an axis placed at the base between the 
standards. 

When the lathe is at work, the foot of the workman 
presses down the treadle, and the heavy wheel, c, which is 
in fact a fly -wheel, carries the tteacWe m^ ^\\cti ft* crank U 
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rising. At this time the pressure of the foot is taken off, or 
the wheel would not rotate. Here is an example of the 
inertia of matter ; the driving force, namely, the pressure of 
the foot, acts only during half a revolution of the fly-wheel, 
and the tendency of the wheel to continue in motion, ac- 
cording to the first law, carries it round the other half revo- 
lution. Also, when the fly-wheel is moving at a sufficient 
rate, it maintains a nearly uniform speed, because a con- 
siderable amount of work is stored up in it. 

The fly-wheel serves another purpose, for it is in fact a 
speed-pulley, having grooves of different diameters upon it, 
and being connected with a much smaller grooved pulley at 
d, whereby different speeds may be given to the axis which 
carries the work, technically called the mandril of the 
lathe. 

In the lathe represented in the figure, the speed of the 
mandril can be varied from 7 times to if times the speed 
of the crank-shaft. Without speed-pulleys a certain varia- 
tion of rate of motion can be obtained by driving more or 
less vigorously with the foot, but the shifting of the band 
gives a series of different speeds while the foot is working 
at a uniform rate. Such a variation is essential, because a 
lathe of this kind may be used for turning hard or soft 
materials, or articles differing considerably in diameter, for 
which different speeds are required. 

The drawing shows also the fixed headstock, d, and the 
movable headstock, e, two very important parts of the lathe, 
and on this account we give a separate drawing of them, 
which should be carefully studied. 

The mandril is the short round spindle or shaft of which 
the hinder end is pointed into a cone, and the other end is 
screwed and projects through the framing. To the screwed 
end of the mandril, pieces called cJwcks are secured, which 
carry the work, and it is therefore essential that the mandril 
should rotate with its axis in one invariable liue^ axA ^nrk£A. 
not shake or become lqose by wear. T3\\t\xv% \^ o^ew&ss*' 
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of turning it may also be subjected to considerable endlong 
pressure. It will be seen that, in the front bearing, the 
mandril is cylindrical for about £ of the thickness of the 
headstock and terminates in a conical shoulder, which is 
carefully faced ; also the bearing which supports the man- 
dril is bushed, or lined with steeL 
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The hinder end of the mandril is carried by a screw, the 
steel end of which is slightly hollowed out to receive it, and 
there is a fine leading-hole running into the body of the 
screw for some little distance, so that any wear of the rub- 
bing parts may not affect the true line of direction of the 
axis. Sometimes this arrangement is reversed, the screw 
being pointed and the mandril recessed. But in either 
case, by slightly tightening up the screw, any wear can be 
compensated. There is also a set screw which holds the 
adjusting screw perfectly firm when its position is once 
determined. 

The movable headstock, *, or back poppet, is also shown 
in both figures. It is movable along the bed of the lathe, 
and is clamped from below by a screw. Its chief use is to 
give the additional support of a dead or immovable centre 
to any piece of work which would be unsteady without it, 
and there is to be seen within it an excellent example of 
the use of the screw for a traversing motion. 

The steel point, or back centre^ as Sx. \& v&itcA&t \* x&ada 
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conical, so as to enter the work to a short distance, and to 
support it while rotating with as little friction as possible. 
The headstock being locked in position, the dead centre 
must be capable of being readily adjusted to the exact 
position required. 

A small hand-wheel is keyed to a screwed spindle, 
shown in the drawing, which works in a hollow screwed 
cylinder carrying the projecting dead centre. This hollow 
cylinder is prevented from rotating by a pin running in a 
groove on its under side. We have therefore a screw and 
nut, but have arranged that the nut shall not rotate, but 
shall only move longitudinally. It follows that when the 
screw is turned by the hand-wheel, the nut or hollow 
cylinder will travel in or out, as may be required. But the 
dead centre is part of the sliding cylinder and moves with 
it, whereby the desired object is attained. There is a small 
set screw to lock the sliding cylinder in any given position. 

158. A screw-cutting power lathe is shown in the 
diagram on page 166, and is driven by steam power brought by 
a belt from a shaft overhead, and running upon the stepped 
pulley at one end of the lathe. In a lathe of this character 
much of the work requires a very slow speed, and therefore 
there are special arrangements for the reduction of velocity, 
which will presently occupy our attention. 

The general character of the lathe is clearly shown in the 
drawing. There is the bed of cast iron with its true plane 
surfaces, along which a sliding saddle moves as required. 
This saddle carries the slide-rest, intended to support the 
cutting tool, and carrying out in a perfect manner the 
principle of rectangular co-ordinates, explained in Art. 25, 
whereby the position of any point in a plane may be com- 
manded by motions in two lines at right angles to each 
other. A separate drawing of the slide-rest will be given 
farther on. The headstock at the other end of the lathe is 
like that previously described in the foot lathe t beitiq^ how- 
ever larger and more carefully cons\xucXe&. 
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Just underneath the bed of the lathe there is a rack, into 
which a pinion, concealed within the framing of the saddle, 
gears ; and this rack and pinion serve to shift the slide-rest 
rapidly along the bed. The handle for turning the pinion is 
shown. 

Lower down, and running along the whole length of the 
lathe, there is a screw, called a leading screw, which is used 
for screw-cutting ; and a train of wheels, such as would be 
employed for cutting a screw of some definite pitch, con- 
nects the leading screw with the mandril of the lathe. The 
student will understand that the leading screw may be con- 
nected with or disconnected from the saddle at pleasure, 
inasmuch as the lathe may be wanted for screw-cutting, or 
may be required for some other purpose. This connection 
is made or released by a clamp-nut, as it is termed, being 
two parts of a nut which can be brought down upon the 
screw so as to embrace it as one nut, or can be moved alto- 
gether out of the way. 

159. The double-geared headstock requires a sepa- 
rate description, the annexed diagrams (p. 168) being taken 
from a Whitworth lathe belonging to the Normal School. 

The upper diagram shows an elevation of the headstock, 
and the lower diagram is a plan of the same. It consists 
of a strong cast-iron framing bolted to the bed of the lathe, 
and carrying the steel axis or mandril, a b. Both the bear- 
ings of a b are conical, and may be formed on the mandril 
itself, or, if preferred, the hinder cone may be a loose conical 
bush carefully fitted to the mandril. This precaution en- 
ables an accurate fit to be maintained between the mandril 
and the headstock. These cones work in hardened steel 
bushes let into the framing in order to lessen the wear at 
the bearings. 

The conical end, a, gives the true centre of the work 
supported in the lathe, and the piece, c, which is screwed on 
to the end of the mandril, is the driver, whose ^t<&^<skev% 
arms carry the work round as the marvdxW To\axe&. 
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The pinion, t, at the end, B, is required only for screw- 
cutting, and we are not concerned with it at present. 

On the mandril, a b, which is cylindrical except at the 
two ends, there is fitted (i) the spur-wheel, q, which is 
keyed to the mandril, (2) the conical or stepped pulley, R, 




terminating in the spur-wheel, e ; the pulley and spur-wheel 
e form one piece and ride loose upon the mandril. When 
desired the pulley, k, can be attached to q by a bolt and 
screw at s, and when the pulley is so bolted to q, the strap 
or belt which brings the steam power down to R will give 
different speeds to the mandril, according to the steps upon 
which it rides. 

But there is also a second axis, m n, fitted with the spur- 
wheels p and d keyed to it, the object of which is to reduce 
still further the speed of rotation of the mandril. 
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The shaft, m n, has two positions, one where d and p gear 
with e and q respectively, the other where the wheels d and 
p are out of gear, and m n is lying idle. 

When m n has the position shown in the drawing, the 
bolt s is moved so that Q is no longer locked to r, whereby 
the power enters at r, and passes through the successive 
wheels e, d, p, q, whereof the wheel q is keyed to the 
mandril. Hence, if the numbers of teeth on these respective 
wheels be e, d, p, <p, the speed of the mandril will be reduced 
by the multiplier 

dq 

For example, let e = 21, d = 63, p = 21, q = 63, then 
the effect of the train of wheels is to reduce the velocity of 
the rotation of the mandril by one ninth part. 

On the whole, then, there is either the reduction of 
speed obtained by shifting the driving-strap from the larger 
to the smaller of the steps on the speed pulley, or there is 
the further reduction due to the train of wheels, which again 
is modified by the successive steps on the pulley, r. 

In order to lock the shaft, mn, in the two positions there 
are grooves upon it, one of which is marked n, and there is 
a pin, m, which enters the groove and prevents the shaft 
from sliding longitudinally, but does not interfere with its 
rotation. 

160. The value of the leading screw, as supplied for 
cutting screws of different pitches, will now occupy the 
student. 

It is here that the so-called copying principle receives one 
of its most valuable applications. The maker of a lathe 
furnishes a leading screw with (say) four threads to the inch, 
and by the use of the lathe this screw can be copied any 
number of times, and with any variations in the pitch which 
may be desired. In other words, the lathe now carries 
within itself a copy which can be reproduced otn«w^*. 
pleasure. 



1 70 Manual of Mechanics. 

An elementary diagram will make this clear. The 

leading screw which forms the copy is marked c d, and is a 

A B screw of a definite pitch. 

VTT\\\mn " I This screw carries a nut, 

n, and, disregarding the 

actual construction, we 

N will suppose that the 

xnrr umu \ nut n is furnished with 



r miuhTTTT 



P a pointer, p, capable of 
tracing a screw thread upon another axis, a b. 

Conceive now that a b and c d are connected by a train 
of wheels in such a manner that they can revolve with any 
required relative velocities. 

Upon each revolution of c d the nut advances through 
a space equal to the pitch of the screw. If a b also revolves 
at the same rate as c d, and in the same direction, the point 
p will describe upon a b a screw thread exactly similar to 
that upon c d. 

If a b revolve more rapidly than c d, the pitch of the 
screw upon a b will be less than that upon c d, and the 
opposite when a b revolves less rapidly than c d. 

In the drawing of the lathe there is a train shown which 
connects the leading screw, called cd, with the mandril, 
called a b. 

Let c d have two threads to the inch, and let the 
successive wheels from the leading screw to the mandril 
have 60 teeth, 25 teeth, 50 teeth, and 30 teeth, then 

vel. of a b __ 60 x 50 _ 
vel. of c d 25 x 30 

or, when c d makes one turn, a b makes four turns. 

It follows that the number of threads per inch on a b 
= 2 x 4 = 8, and with this train of wheels the lathe will 
cut a right-handed screw with eight threads to the inch. 

It is usual to supply a set of change wheels with screw- 
cntting lathes, and a table indicates xYvfc ifaH&& W3pne& fot 
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cutting a screw with any given number of threads to the 
inch. An example has already been given in Art. 129. 

161. The slide-rest was invented for the purposes of 
ornamental turning, and is an invaluable adjunct of a good 
lathe. The diagram is from Mr. Shelley's book and gives a 
fair idea of its construction, which exhibits the practical 
value of truth of surface. The object of the contrivance is 
to give a traversing or sliding motion in two determinate 
directions to the cutting tool, without any shake or irregu- 
larity. For this purpose we require two pairs of true plane 
surfaces resting upon each other and moved by screws, and 
accordingly this idea is carried out in the apparatus. 

A base plate, a, is clamped upon the bed of the lathe, £, b, 
and upon it rests a sliding-plate, c. The surfaces in contact 
are true planes, and 
the joints are dove- 
tailed, whereby the 
sliding-plate can 
only be moved in 
one definite direc- 
tion at right angles 
to the bed of the 
lathe, and this mo- 
tion is ensured with 
delicacy and accu- 
racy by the use of a screw turned by a handle. 

In like manner, the upper slide, er, is traversed by a screw 
in a plane parallel to the bed of the lathe, and may move in 
a line at right angles to the direction of motion of the lower 
slide, or, if preferred, at any angle thereto. It will be seen 
that the upper slide is attached to a central pin, and that 
bolts, working in circular slots, enable the workman to fix 
the direction of motion at any angle he pleases. 

Finally, there is the tool-holder, f, which holds the tool 
steadily in any position required for the vfcrck tercv^ 
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CHAPTER XI. 

ELEMENTARY MECHANICS OF LIQUIDS AND GASES. 

162. We have, in the first chapter, pointed out generally 
the differences between a solid and a fluid, and purpose 
now to treat of the mechanical properties of fluids. 

Definition. — A fluid is a body which can be divided in 
any direction, and the parts of which can be moved among 
one another by any assignable force. 

As already stated, there are two classes of fluids, viz., 
liquids and gases. 

Under ordinary conditions there are many gases which 
cannot be shown in a liquid form, and there are others which 
can be readily exhibited as liquids. Hence gases were 
further subdivided into permanent gases and vapours, the 
term vapour being applied to a gas which is readily con- 
verted into a liquid. Of the first, hydrogen and oxygen 
were examples, as they resisted all attempts made to liquefy 
them under the action of extreme pressure and intense 
artificial cold. Of the second, steam was a familiar instance; 
so was the vapour of alcohol or ether; so also was carbonic 
acid, which was commonly known as a gas, but was not a 
permanent gas, inasmuch as it could be readily liquefied. 

Experiments made within the last few years have shown 
that the distinction between permanent gases and vapours 
no longer exists, for even hydrogen has been exhibited as 
moisture upon glass, and atmospheric air has been liquefied 
and collected in some quantity at the bottom of a tube, 
just as if it were water. 
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163. Fluid pressure. — The pressure which a liquid or 
a gas exerts upon surfaces which confine or sustain it, is a 
subject for frequent inquiry in mechanics, and we make this 
our starting-point. 

It is necessary to remark that no substance in nature 
exactly fulfils the definition of a fluid given above. It has 
been proved that if water be stirred up or agitated in a 
closed vessel, the friction of the particles of the liquid is 
competent to raise the temperature of the water. But for 
all ordinary facts of observation, such as the young student 
will meet with, the definition may be treated as correct. 

164. Proposition. — The surface of a liquid at rest is per- 
pendicular to the force which acts upon it at every point. 

This follows from the mobility of the particles of a 
liquid; for let a b represent the surface of a liquid at rest, and 
p a force acting on a particle d 
on the surface in direction d p. -? 



s 



Then p may be resolved along the 

surface and perpendicular to it; 

and, admitting that the particles 

of the liquid are perfectly smooth, there would be nothing 

to counteract the resolved part of p which acts along the 

surface. As long as this component exists there cannot be 

equilibrium. 

Hence equilibrium is only possible when p acts per- 
pendicularly to the surface, in which case the pressure on d 
may be counteracted by the group of liquid particles sur- 
rounding it. 

It is on account of the inability of the liquid to oppose 
any resistance to motion along a b that the bubble of a 
spirit level moves so readily upon the least change in the 
inclination of the tube. If gravity be the force acting, as 
in the case of mercury or water poured into a tray, the sur- 
face of the liquid will be a horizontal plane, for gravity acts 
in a vertical direction. 

Accordingly a flat dish with c\eaxv xcve\oxrj*\Tv\\.V3wss& 
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an invaluable true horizontal plane wherewith to view stars 
by reflected light for astronomical observations. In like 
manner we can see the image of the moon reflected by 
water on a very still night. 

In all cases where forces come into play, the principle 
that action and reaction are equal and opposite will apply. 

165. A fluid acted on by force presents a surface which 
is everywhere perpendicular to the action of the force; and 
conversely, a surface supporting a fluid which presses upon 
it will supply a reaction everywhere perpendicular to the 
surface. Whether the aggregate of the pressures produces 
the surface, or the surface gives rise to the pressure, is 
immaterial. 

Hence we conclude, that in all cases of fluid pressure 
upon a surface, whether due to the action of a liquid or a 
gas, the pressure upon the surface acts perpendicularly 
thereto at every point of it. 

This fact is fully recognised by engineers in all practical 
applications. 

166. In like manner, the pressure on the surface separa- 
ting any one liquid particle from its neighbour is perpen- 
dicular to that surface. Nothing is known about the 
surfaces which bound a liquid particle, but it is assumed 
that the directions in which these surfaces can lie are 
infinite in number, and that any one of them may deter- 
mine the direction in which any given pressure is being 
transmitted. 

Hence we infer that a fluid transmits pressure in every 
direction at once through chains of liquid particles ; and, 
since there is no sensible friction between the particles where- 
by to absorb the pressure, there is no loss in the transmission. 

167. Transmission of fluid pressure—Fluids trans- 
mit pressure equally in all directions, and there is no loss 
of pressure in the transmission. This is true for both 
liquids and gases. Here, then, is a fundamental point of 
distinction between a solid and a. fluid. 
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When pressure acts on a solid, it is felt only in the line 
of its direction. 

But when pressure is exerted at any point of a liquid or 
gas, it is felt not only in the line of its action, but at every 
other point of the interior of the fluid at the same instant, 
and in every possible direction. 

The molecules of a liquid can only support each other 
by direct pressure ; they do not cohere, they are not rough 
like the particles of sand, they are ever ready to slide upon 
each other where any pathway is open, and they press out- 
wards in any direction in which motion is possible. 

1 68. The following drawing from Sir J. Anderson's series 
shows the principle of the transmission of fluid pressure as 
applied in the hydrostatic press. Hereafter we shall give a 
drawing to show the valves and the method of working the 
press ; at present we exhibit only the principle of its action. 
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A solid plunger, a, loaded with a weight of io lbs., 
passes through a watertight collar into a vessel, e, containing 
water. The vessel, e, communicates by a pipe with another 
strong vessel, df, into which is fitted a ram, b, passing 
through a watertight collar and sustaining a load, w. 

The downward pressure of the plunger, a, on the water 
in the vessel, e, is transmitted at once thxou^Jx \kfc ^m^& 
liquid mass. There is an upward ptesswifc oxv w2ev ^o^axfe 
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inch of area of the ram, b, which is exactly equal to the 
downward pressure exerted on the water by each square 
inch of the area of the base of the plunger, a. 

Let the area of the base of the plunger, a, be 1 square 
inch, and that of the base of the ram b be 100 square inches. 

Then pressure on b= 100 x pressure on a. 

Hence, if pressure on a=io lbs., 

pressure on b=ioo x 10=1,000 lbs. 

This is the principle of the hydrostatic press ; the power 
of the press increases in the proportion in which the area of 
b is greater than the area of a. 

The principle of work applies equally in this case. 

Thus, let the plunger, a, descend 5 inches, then the 
volume of water forced into d f 

=5 x 1=5 cubic inches. 

Also let b rise through a height x 9 then area of b=ioo 
square inches. 

/. ioo#=volume of water forced into d f. 
=5 cubic inches. 

• -v— _5 ^— 1 
• • * — T6TT — Stf* 

Hence motion of B= T ^ Tr x motion of a ; 
or if motion of b=i, motion of a=ioo. 

By the principle of work, if 10 lbs. on a supports w lbs. 
on b, we have 

w x motion of b= 10 x motion of a, 

or wx 1 = 10x100, 

or w= 1,000 lbs. as before. 

169. Definitions. — The pressure in the interior of a 
fluid may be uniform or variable. 

When uniform^ it is the pressure on a square inch of 
surface exposed to the fluid pressure. 

When variable^ it is the pressure which would be exerted 
on a square inch of surface, if the pressure were the same 
throughout and identical wfth ttax ax. xh^ v<^ wasidered 
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We write / for the pressure of a fluid at any point of a 
surface, and / means the pressure per square inch, unless 
the contrary be expressed. This is true alike for liquids 
and gases. It is the practice to speak of the pressure of 
steam as being (say) 50 lbs., meaning thereby 50 lbs. per 
square inch on the shell of a boiler. 

1 70. The mass of a fluid is estimated in the same way 
as the mass of a solid. 

Definition. — The density of a fluid is the number of units 
of mass contained in a unit of volume. A cubic foot may 
be taken as the unit of volume, and a pound avoirdupois as 
the unit of mass. 

One cubic foot of water weighs 62*5 lbs., hence the 
density of water is 62^ lbs. to the cubic foot. More accu- 
rately, a cubic foot of water at 39*4 F. weighs 62-425 lbs. 

In round numbers, it is usual to say that a cubic foot 
of water weighs 1,000 ounces, and we see that (the number 
of ounces in a pound avoirdupois being 16) : 

1,000 __ 125 , 

The weight of a cubic yard of water is a little less than 
£ of a ton. 

171. That air, as well as water, has weight is proved 
by the following experiment : 

A glass globe e, provided with a stopcock, is screwed 
on to the plate of an air-pump, and the air is exhausted. 
The globe is then attached to the scale pan of a balance and 
carefully weighed. 

The globe is next screwed to the neck of a graduated 
jar, with an open base, filled with air, and placed with its 
open base in a tray of water. By this arrangement the air 
in the jar is cut off from the external atmosphere. The 
stopcock is again opened, when air rushes into the globe, 
and the water rises in the jar, and ind\cate& V3 Sfc& ^fcsxsk. 
Jevei the quantity of air which has exftexe&fa&. ^.ctafc. 
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The globe is now weighed, and is found to be heavier 
by several grains. This increase is due to the weight of the 
measured quantity of air which has entered the globe. 

When the experiment is very carefully conducted, it 
appears that 100 cubic inches of air at 6o° F. weigh 31 
grains very nearly, the barometer standing at 30 inches. 
The student will understand the part played by the baro- 
meter when he has read the account of that instrument 

172. Pressure of liquids.— In a liquid at rest under 
the action of gravity, the pressure varies as the depth below 
the surface. 

Let c a d be the surface of a liquid at rest, and conceive 

that the portion contained within a slender prism, a b, having 

A vertical sides and a horizontal base, is con- 

^ l> verted into a solid. This will neither alter 

the pressure nor disturb the equilibrium of 

the surrounding fluid. 

Now the horizontal forces are sepa- 
rately in equilibrium, and so are the vertical 
B forces. The only vertical forces acting are 

the weight of the prism and the upward pressure on the 
end b, for we disregard or neglect any pressure at a. Hence 

pressure on end b = weight of prism. 
Let p = pressure at b, a = area of base of prism. 

a b = z, weight of cubic inch of liquid = w. 
Then p a = awz 

ox p = w z, or pressure varies as depth. 

For small depths we may take inches as units, for 
greater depths we measure in feet or fathoms. 

It will be proved hereafter that the atmosphere presses 
on a with a considerable force, but inasmuch as we are not 
sensible of this pressure under ordinary circumstances, it is 
usual to disregard it. 

If the pressure of the atmosphere were taken into 
.account, we should add that pressure to /, and the law 
would be modified accordingly. 
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The student will now understand the meaning of the 
expression, 'pressure of a head of water? When there is a 
reservoir of water above the level of the supply, the water 
rushes out under pressure according to the above law, and 
the term 'head' is a short way of conveying an idea of a 
difference of vertical height, whereby, if we say there is a 
head of 20 feet, we mean that the point from which the 
water is drawn off is 20 feet below the level in the reser- 
voir. 

Proposition : The pressure of a liquid on any area is 
equal to the weight of a column of the liquid whose base is 
the area pressed, and height is the depth of the centre of 
gravity of the area below the surface of the liquid 

In order to prove this we begin with an easy case, viz. 
where the liquid is contained in a vessel with plane vertical 
sides, the area pressed being a portion of one of the sides. 

Let the surface of the liquid meet the side in question in 
a b, also let c d be the given area, and 
g its centre of gravity. Draw g h per- 
pendicular to a b. Let ;// be a small 
piece of the surface at depth ;// // or x, 
and let ;// be expressed in square feet, 
and x in feet. 

Then pressure on ;// = ;// x x weight of a cubic loot of 
the liquid, and the like for all portions similar to m. 

.*. press, on surface cd = (sum of all portions such 
as mx) x weight of cubic foot of the liquid. 

But by a property of the centre of gravity, area c d x 
gh = sum of all portions such as ;;/ x. 

.*. press, on surface cd = area cdxgh x weight of 
cubic foot of liquid. 

Which proves the proposition. 

Ex. : A tank, in the form of a cubical box, whose sides 
are vertical, holds four tons of water when quite full. What 
is the pressure on its base, and what is the pressure, qclokr. 
of its sides ? (Science Exam, ifc&o.^ 
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The sides of a cubical box being all equal, the pressure 
on the base = weight of water in tank = 4 tons. 

Also, area of vertical side = area of base. 

But depth of centre of gravity of vertical side = \ depth 
of centre of gravity of base. 

.'. press, on vertical side = 2 tons. 

Ex. : A water tank 6 feet long and 6 feet wide, with an 
inclined base, is 6 feet deep at the front and 3 feet deep at 
the back, and is filled with water. Find the pressure on 
each of the four sides and on the base ; water weighing 62^ 
lbs. per cubic foot. (Science Exam. 1882.) 

Here the depths of the centres of gravity of the respective 
sides are 3, 1-*, J, and of the base 4^ ; the corresponding 
areas being 6x6, 6x3, 6x4^, 6x67082. Whence the 
required pressures are 6750 lbs., 1687*5 lbs., 3937*5 lbs., 
and 11320*1 lbs. 

Ex. : To find the pressure on the internal surface of a 
hollow sphere when filled with water. 

Let a = radius of sphere, w = weight of a cubic inch of 
water. 

Then press, on interior surface = area of surface X 
depth of centre of gravity x w. 

= 4 w a 1 x a x w. 

Also weight of water in sphere = ^ ira w . 

3 

.*. press, on interior surface = 3 X weight of water. 

Conceive the sphere divided into two parts by a vertical 
partition through the centre, and that only one compart- 
ment is filled with water. 

Then press, on curved surface = 2 7r a 3 w. 

press, on partition = tt« 2 x a x w=7ra*w. 

.\ press, on curved surface : press, on partition :: 1:2. 

173. This last example leads us to distinguish between 

the total pressure on a curved surface and that portion of 

it which is perpendicular to any £\vexv \fax&. Vfe \va5re 
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here a case in which one pressure is exactly double the other 
pressure. 

Another point of great importance is the following : — 

The pressure on the base of a vessel containing any 
liquid is independent of the form of the vessel. This is a 
direct consequence of the fact that the pressure on the base 
depends only on the area of the base, the depth of its centre 
of gravity below the surface of the liquid, and the density 
of the liquid. 

In the case supposed not one of these three things can 
admit of any change whatever, and therefore the pressure 
remains consjtant. 

174. The centre of pressure of a plane area im- 
mersed in a liquid is that point in which the resultant pres- 
sure of the liquid acts. 

It has just been shown that the pressure of a liquid upon 
a surface increases in direct proportion to the depth ; that is 
to say, the pressure at a depth of 4 feet is twice as great as 
at a depth of 2 feet, and so on. We may conceive, there- 
fore, that a vertical strip of surface exposed to the pressure 
of a liquid — such, for instance, as a vertical beam of timber 
forming part of a lock-gate — is exposed to a continually in- 
creasing pressure for each foot of its depth, according to the 
law proved in the last article. 





In order to obtain some definite knowledge of the sub- 
ject, the student may examine the case of a rectangle, d l, 
having the side, d e, in the surface of a liquid, and «a^V»K£&c 
that the plane, delf, is vertical. Let c q\& <c& *&^ ^ ^ 
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narrow vertical strip made by two vertical planes very dose 
together. 

Draw q r horizontal and equal to cq; join c r ; also 
from any point, p in c r, draw p n parallel to r q, and com- 
plete the rectangle p », whose vertical depth, n », is very 
small. 

Since the pressure varies as the depth, the pressure at 
q is proportional to c q, and therefore to Q r, so likewise 
the pressure at n is proportional to n p. It becomes evi- 
dent, therefore, that the pressure on N n is represented very 
approximately by the area p «, and the like would be true 
for other small portions into which cq may be divided, 
wherefore the whole horizontal pressure of the liquid on 
c q may be represented graphically by the area of the tri- 
angle c Q R. 

In other words, if cq were a horizontal line, and the 
triangle cqr were made up of a series of heavy wires hang- 
ing upon c q, we should create a mechanical representation 
of the actual fluid pressure upon cq. 

Let o be the centre of gravity of c Q R, draw g h vertical, 
then ch = | cq. 

But inasmuch as the resultant pressure of all the heavy 
wires hanging on cq acts through h, so also, when c Q is 
subjected to fluid pressure, the resultant of all the separate 
increasing pressures acts also through h ; that is, the depth 
of the centre of pressure is § the depth of the immersed 
edge, d f. 

It is also evident that the centre of pressure lies in a 
vertical line bisecting d e. 

175. Law of Archimedes.— The power of floating in 
liquids, or even in gases, which many substances possess, is 
full of interest, because we recognise in it the evidence of 
a natural law. The discovery of the law is due to Archi- 
medes, and in proving it we shall assume that when a liquid 
is at rest any given portion of it may be solidified without a 
change of volume. 
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This is a physical impossibility. Water increases in bulk 
when it changes into ice : that is the reason why ice floats 
upon water, and accounts for the fact that water pipes often 
burst during a frost. Molten wax diminishes in bulk as it 
solidifies, as may be seen by pouring molten wax into a jar 
and allowing it to cool ; and as a rule there is some change 
of volume when any liquid solidifies. 

But the solidifying which we assume is imaginary, not 
real, and we argue thus : The liquid is at rest, none of its 
particles are moving, and it cannot alter the pressure or dis- 
turb the equilibrium of the surrounding fluid if we suppose 
a certain number of particles to be deprived of the power 
of motion, or to be connected rigidly together, that is, to be 
solidified. 

The complete statement of the conditions of equilibrium 
of a floating body is the following : 

1. When a solid floats in water, the weight of the solid 
is equal to the weight of the water displaced. 

2. The straight line which joins the centres of gravity of 
the solid and water displaced is vertical. 

In order to establish the law, let us suppose that a portion 
of water, as d e f, contained within a mass of water at rest, 
becomes solidified. This will not alter the pressure of 
equilibrium of the surrounding water. Then d e f is a solid 
at rest under : 

(1.) Its own weight acting downwards through the centre 
of gravity. 

(2.) The pressure of the surrounding water. 

These are the only forces 
acting, and the body d e f is 
at rest ; therefore these forces 
are equal and opposite, and 
act in the same vertical line. 

Conceive now that a ship, 
h f, floating in the water, dis- 
places the same volume, d e f. 
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will be the same as before, and act in the same line as before, 
while the weight of the ship must act in a vertical line 
through the centre of gravity of the ship. 

If there be equilibrium, these two forces must be equal, 
and must act in the same straight line in opposite directions. 

Therefore the weight of the ship or solid must equal 
the weight of the water displaced, and the line joining the 
centres of gravity of the solid and water displaced must be 
vertical. 

Whether the solid be wholly or partially immersed in 
the liquid, the application of the law is the same. The 
weight lost is always equal to the weight of the liquid dis- 
placed. 

Since air has weight, we infer that the law of Archimedes 
will apply equally in the case of gases. That the fact is so 
will appear directly from the following experiment. A 
hollow copper sphere is suspended from one arm of a 
balance, and is counterpoised by a small leaden weight on 
the other arm, the beam of the balance being horizontal. 
The apparatus is then placed under the receiver of an air- 
pump, and the air in the receiver is pumped out ; when it 
appears that the copper ball goes down, and is no longer 
balanced by the lead weight. 

Suppose the volume of the ball to be 10 cubic inches, 
when the weight of the air which it displaces will be 3*1 
grains. Add this to the leaden weight, and it will be found 
that the ball is overbalanced in the air, but exactly counter- 
poised when tested under the exhausted receiver. 

The student will now comprehend the reason why a 
light silk balloon will carry up a car with people in it. The 
balloon is inflated with a gas lighter than air, and air has 
weight, as we have shown. Taking larger units, we may say 
that 13 cubic feet of air weigh 1 lb. The volume of a 
balloon is considerable in order that it may be effective ; 
thus, the volume of a balloon competent to carry up three 
persons would probably be some 700 cubic yards, or 18,900 
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cubic feet Of course the buoyancy in this case will be the 
difference of weight of the enclosed gas and the displaced air. 

176. The meta-centre. — Returning now to the vessel 
floating in water, we have to determine whether its equili- 
brium is stable or unstable. It will appear that the nature 
of the equilibrium depends on the position of a certain 
point, technically known as the meta-centre. 

The drawing shows a section of the vessel H f when 
heeling over to a very small amount. Let g be the centre 
of gravity of the vessel, Q that of the water displaced, then 
the weight of the vessel is a vertical force, w, acting through 
g, while the upward pressure of the displaced water is a 
vertical force, p, acting upwards through q. 

These forces balance, for 
otherwise the vessel would 
rise or sink, and being equal, 
they produce a couple whose 
arm is the perpendicular dis- 
tance between g w and q p. 

Let q p meet f g h in m, 
then the point m is the meta- 
centre, and is a point of 
much importance, though not readily found, as the calcula- 
tion of its position demands a knowledge of the calculus. 

The student will perceive that, so long as m lies above 
g, the tendency of the w r ater pressure will be to restore f h 
to the vertical position, whereas, if m lies beloiv g, the two 
forces in action will tend to deflect f h still more, and the 
vessel will fall over. 

In order that a vessel may float securely, the point o 
must lie below m. If g ever rises above m, the vessel will 
assuredly fall over on its side in the water. This may ex- 
plain an accident which has sometimes happened where 
the cargo is taken out of a vessel without putting in ballast 
at the same time. The weight of the masts and rig^in^ 
may cause o to rise above m. 
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Hence also the risk of upsetting a small boat when 
people stand up in it. 

177. The specific gravity, or specific density of any 
solid or liquid^ is the ratio which its density bears to that of 
distilled water at 6o° F. 

It is on account of the expansion of bodies by heat that 
a fixed temperature 6o° F. is chosen as the common tem- 
perature of the solid, liquid, and water. 

Tables of specific gravities are formed for reference, of 
which a specimen is appended. Thus the specific gravity 
of mercury is 13*5, by which we intend that any given 
bulk of mercury will weigh 13 '5 times as much as an equal 
bulk of water at the same temperature. 

The natural law that when a body is immersed in a 
liquid, it loses as much weight as the weight of the liquid 
displaced, is the foundation of the method adopted for 
finding the specific gravity of solids. 

The apparatus required is a good balance. The solid 
must sink in water, and must not dissolve like sugar or salt, 
and we then attach it by a horse-hair to one pan of the 
balance, and weigh it (t) in air ; (2) when hanging in water. 
For example : 

Let a piece of lead weigh in air . 820 grs. 

„ » » water . 749 grs. 

Loss, being weight of water displaced . 71 grs. 

the method in a general form, 

Let w = weight of body in air, 
,, x = ,, „ water. 

Then weight of body— weight of water displaced = x, 
.\ weight of water displaced = w — x, 

,\ sp. gr. of body = . 

W — X 

If the substance be soluble in water, it may be weighed in 
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alcohol, oil of turpentine, or some liquid which does not 
dissolve it and whose specific gravity is known, the reason- 
ing being adapted to the altered conditions. 

If the body floats in water, it must be attached to a 
metal weight or sinker whose weight in water is ascertained. 
Let w = weight of body in air, 
„ x = „ sinker in water, 
„ v = „ body and sinker in water. 
Then weight of body in water = y — x, 

.". weight of water displaced by body = w — v + x. 

■'• s P-s r - ofbo(1 y = „rr7+ x - 

178. Hydrometers and specific-gravity bottle.— 
We append a diagram showing some instruments commonly 
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used for finding specific gravities, namely : (1) Nicholson's 
hydrometer ; (2) Tweddel's hydrometer ; (3) the specific- 
gravity bottle. 
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(i) Nicholson's hydrometer consists of a hollow cylinder, 

b, which ensures floatation, having at its base a loaded pan, 

c, to keep it upright, and at the top a stem supporting a dish, 
a. Upon the stem a standard point, o, is marked. 

This instrument may be used for finding the specific 
gravity of a solid or liquid. 

As for the solid, let that be (say) a piece of sulphur. 
Put the hydrometer in water, when it will require a given 
weight placed in a in order to sink the instrument to o. 
Let this weight be 125 grains. Now place the sulphur in a, 
and add (say) 55 grains in order to sink the instrument again 
to 0. It follows that the weight of the sulphur is 70 grains. 
Next place the sulphur in c, as marked ///, and let 34*5 grains 
be placed on the dish a, in addition to the 55 grains, in 
order again to sink the instrument to o. 

Then weight of sulphur = 70 grains, 

weight of water displaced by sulphur = 34-5 grains. 

.\ specific gravity of sulphur = -^- 7 - = 2*03. 

In order to find the specific gravity of a liquid (b). Let x 
be the weight which sinks the instrument to the point in 
water, y the weight which sinks it to the same point in the 
liquid (b), and let w be the weight of the instrument 

Then weight of water displaced by instrument = w 4- x. 
„ liquid (b) „ „ = w+j». 



•% specific gravity of liquid b = 



_ w + y 



w + x 



(2) TweddePs hydrometer is used for finding the specific 
gravity of liquids heavier than water, such as sulphuric acid, 
and it sinks to different depths as the density of the liquid 
varies, a greater portion of the stem being immersed when the 
liquid under trial is of less specific gravity, and the range 
being determined beforehand when the instrument is de- 
signed. It therefore acts by variable immersion % the load 
remaining constant. 
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There are other hydrometers constructed on the prin- 
ciple of variable immersion, such as those for determining 
the density of alcohol, which is lighter than water, and those 
employed for determining the density of salt water in a 
boiler, where the graduations are so arranged as to indicate 
in a ready manner either the strength of the alcohol or the 
quantity of salt held in solution in the water. 

Tweddel's hydrometer is made of glass, with two globes, 
one for floatation, the other for keeping it upright, and the 
stem is so graduated that the reading of the number of 
degrees, multiplied by 5 and added to 1,000, gives the specific 
gravity of the liquid as compared with water, whose specific 
gravity is 1,000. Thus 15 Tweddel represents the specific 
gravity of 1,075, or » calling the specific gravity of water r, 
it represents a specific gravity 1*075. 

(3) The specific-gravity bottle, in one form, is a bottle, £, 
with a fine stem, c } ending in a wide tube, a, having a glass 
stopper. 

The bottle is first weighed when empty, then when filled 
with water up to the mark r, and, finally, when filled with a 
given liquid up to the same mark. 

We thus ascertain the weight, (1) of a given volume of 
water, (2) of the same volume of a given liquid, and the 
specific gravity of the liquid becomes known. 

179. Pressure gauge.— One form of this instrument 
is shown in the sketch. It consists of a bent tube, a c b, 
with parallel legs, and open at both ends. 
A small quantity of liquid is poured into the 
tube, so that the leg, b c, becomes nearly half 
full. This liquid would be water, when small 
pressures (such as that of gas for the supply 
of houses) were to be measured. Otherwise 
it would be mercury. 

When in use, the end B is attached by an 
air-tight joint to the gas or air under ^tcs&tc^*&&. w^ ^ 
remaining open, and the legs stand\i\& m ^Net\\cA ^atossfc- 
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The liquid will then rise in a c and sink in b c, and the 
difference of level in the two tubes will give the required 
excess of pressure above that of the atmosphere. 

Let de be a horizontal plane touching the surface of 
the liquid in b c, and p d the difference of level in the two 
legs. Then pressure at e = pressure at d, because d e is 
horizontal, 

and press, at d varies as p d 
.". press, at e „ „ p d. 

By attaching a scale to p d, and remembering that one 
inch of rise at p corresponds to two inches in difference of 
level, it is easy to arrange that the scale shall give the 
required pressure in a convenient form. 

1 80. The barometer is used for measuring the pres- 
sure of the atmosphere, and was invented by Torricelli in 

the year 1643. 

A tube, ab, some 34 
inches long, closed at one 
end and about one-third of 
an inch in diameter, is filled 
completely with clean mer- 
cury, and inverted in a small 
vessel of the same liquid. 
The mercury will now sink 
in the tube, leaving an empty 
space, a c, but a column, c b, 
about 30 inches long, will 
remain supported by the 
pressure of the atmosphere, 
and will give, by its length, 
an accurate measure of the 
air pressure at the level a b. 
For simplicity, let the 
internal area of a section of 
the tube be 1 square inch, 
then the pressure per square mch \tk&\&& \Jca \afcfc *i the* 
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level a b is the weight of the column b c. But this pressure 
is the same as that of the air outside on a 6, hence 

press, of atmosphere on 1 sq. inch == weight of column b c. 
Let b c = //, w = weight of cubic inch of mercury. 

.% press, of atmosphere = w lu 

181. An ordinary barometer is constructed on the 
principle described, and is merely a glass tube filled with 
clean mercury by the process of boiling, the object being to 
exclude all traces of air and moisture from the empty space 
at the top of the tube. The tube is inverted with its open 
end in a cistern of mercury. 

Or the cistern may be dispensed with, and the barometer 
may be a simple bent tube, as in the second diagram. 
There should be a carefully graduated scale, attached to 
the upper end of the tube, showing the exact height of the 
column. In barometers of the old-fashioned type the level 
has been shown by a cord passing over a pulley and moving 
an index-finger, as in the sketch. 

182. The standard height is sometimes taken as 29*922 
inches of mercury, in which case the pressure of the atmo- 
sphere is 147 lbs. on the square inch, or 2116*4 lbs. on the 
square foot. 

Taking the specific gravity of mercury as 13*5, and the 
mercurial barometer standing at 30 inches, a water baro- 
meter would. indicate 30 x 13*5 inches = 405 inches = 33 J 
feet. The water barometer was constructed soon after the 
mercurial barometer, in order to test the theory propounded 
by Torricelli. 

183. The siphon is an instrument much used for 
drawing liquids out of casks. It is then fitted with a tube 
for sucking out the air, and has a stopcock or tap at the 
end The sketch merely shows a bent tube, acb, open at 
both ends, and dipping into a vessel of the same liquid, 
which is all that is required in otdet to £&&&. ^& to&ss&. 
of the siphon. 
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The tube acb is first filled with liquid, which is pre 
vented from running out, and the tube is then inverted with 
one end, a, in a vessel of the same liquid, the end b being at 
a lower level than the surface of the liquid in the vessel. 

Let the plane of the liquid surface cut the tube in d, 
then 
pressure within the tube at d = pressure at a 

= pressure of atmosphere. 
But the pressure within the tube of b is greater than at 
d, and is therefore greater than the pressure of the atmo- 
sphere. It follows that the pres- 
sure of the liquid at b is sufficient 
to overcome that of the air from 

without, whereby the column b c 

/.v....™^,^ u, lum tends to separate at c, and to run 




out at b. 

If the height of c above a d 

7 B be less than that of the liquid in 

a barometer-tube, the pressure 
of the air will prevent any separation at c, and will keep up 
a continuous stream by forcing the liquid to ascend a c. 
This will continue so long as b is below the level of the 
plane a d. 

184. Boyle's law was discovered in England in 1662 
by Robert Boyle, and was discovered independently in 
France in 1676 by Marriotte. It is referred to by many 
writers as Marriotte's law, and may be thus stated : — 

The pressure of a gas at a given temperature varies in- 
versely as its volume. That is to say, if the pressure of air 
contained in a vessel one cubic foot in bulk be 8 lbs. on 
the square inch, the pressure will be 16 lbs. per square inch 
when the volume is reduced to ^ cubic foot, and 2 lbs. per 
square inch when the volume is increased to 4 cubic feet. 

This is an experimental law, and is proved as follows : 
Take a glass siphon tube, acb, some 40 inches in length, 
with parallel legs, and either seated 01 ft\te&m^fe%\&^Kack 
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at A. Having placed it with the axis of either tube vertical, 
pour a small quantity of mercury into b c, and, by opening 
the stopcock or withdrawing some air from k 
ac, make the mercury stand at the same 
level, e d, in both branches. 

The air in a d being now completely se- 
parated from that in b c, pour in more mer- * 
cury slowly, and the level in the two legs will 
take the positions q and p r, where p r is a 
horizontal plane touching the surface in a c. 
Let h be the height of mercury in a baro- 
meter at. the time of the experiment 
rpi pressure at r = h + r q 

pressure at q h 

But pressure at r = pressure of air in a p, 
pressure at q = pressure of air in a d. 

Therefore P^ss- of air in a p = h + rq ? 
press, of air in a d h 

The positions of d and p being carefully 
marked on the tube, the volumes ap, ad u 

must be ascertained, which may be done by weighing the 
quantities of mercury they will contain, when it will appear 
that, 

volume ad = // + RQ 
volume a p h 

u~~~~ pressure of air in a p volume ad ,. , 

Hence £ jr-r—. = — = , which was 

pressure of air in a d volume a p 

to be proved. 

To express the law in symbols, let volume ap = z/, 
pressure in a p = /, then the volume a d is constant, and 
so is the pressure in a d. 




/ = 



constant 

v : 



or p v = constant = c. 



Many years ago, Boyle's law was tested tet *fct >s^ ^ *» 
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pressure of 27 atmospheres, and was believed to hold 
strictly, but later experiments have shown that, under in- 
creased pressure, the volume of air contracts a little more 
than accords with Boyle's law. Again, hydrogen does not 
yield to great pressures quite so much as if the law main- 
tained strictly, and carbonic acid exhibits deviations even 
under moderate pressures. 

For all ordinary purposes, however, the student may 
assume that the law is strictly true, for the deviations are 
inconsiderable except when the gas approaches the state of 
liquefaction. 

185. A manometer is an instrument employed for 
measuring the pressure of compressed ak or other gas, and 
may assume a variety of forms. One illustration 
is given in the diagram. Here the tube, a b, is a 
barometer tube closed at a, and dipping into 
some mercury in a bottle to which a stopcock, 
d, is fitted. When d is opened let the mercury 
stand at the same height both within and out- 
side the tube. When air under pressure is 
allowed to enter the bottle through the passage 
d some mercury will be forced up the tube, the 
air in a c will be compressed according to Boyle's 
law, and the exact pressure may be determined 
by observing the position of the point c. The 
calculation for this purpose is rather beyond the 
scope of this book. 

If the tube a b be open at the top and be 
several feet in length, the apparatus forms a convenient 
pressure-gauge ; for if the barometer stand at 30 inches, 
indicating (say) a pressure of 15 lbs. on the square inch, 
and the height of the column of mercury, c b, is 8 feet, the 

pressure of the air in the bottle will be - 2 * X — 5 = 

48 lbs. per square inch. Pressure-gauges for steam boilers 
are tested by comparison vritia. an a^axataas* c£ the kind 
described. 
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1 86. The suction-pump is said to have been invented 
200 years before the Christian era, but its action was first 
explained by Torricelli, who, as we have seen, invented the 
barometer. 

If air be exhausted or sucked out in some manner from 
the top of a pipe dipping into water, the pressure of the air 
will force some water up the pipe, and is competent to 
sustain a column about 32 feet in height. If part of the 
water so raised be removed, more will be pressed up to 
supply its place, and this is the action of the suction-pump, 
which is dependent on the pressure of the atmosphere. 

Let a b, b c be two hollow cylinders, fitted with a valve 
opening upwards, and worked by a rod, p d. There is also 
a valve at b opening upwards, and the tube 
b c dips into a cistern of water at a depth 
less than the height of a column of water in 
a water barometer. 

Suppose p to be at b, no water having 
risen up b c. Let the piston be raised, then 
the valve p will remain closed, but the pres- 
sure in p b becomes less, whereby the valve 
b opens and the pressure in bc also be- 
comes less. Hence the water will rise in 
b c to some level, e. On the descent of the 
piston, p opens, b closes, and the air in p b 
escapes through p, the column c e remaining 
stationary. 

On the next ascent of the piston the 
action before described is renewed, until, 
finally, the water rises through b. It is then compelled to 
pass through the valve p, and is lifted by the piston till it 
escapes at the spout e. 

Neglecting friction, the work done in lifting the pump 
bucket depends on the difference of pressure of the air on 
the upper and under surfaces thereof. 

At first these pressures are equal \tt\^ ^fc ^sxkss»% 



&* 



ee 
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begins the pressure on the under surface becomes less and 
the tension of the pump rod increases. In order to ascer- 
tain its amount we must find the pressure of the air below 
the piston, p. The student will remember that the valve b 
is open when the piston is rising. 

Let a be the sectional area of a b in square inches, and 
let ce=n2X inches, 12^ being the height of water in a 
barometer in inches, and w being the weight of a cubic inch 
of water in pounds. 

Then pressure 
on area a of air below p + i2jcaw= press, of atmosphere. 

= 12 A AW. 
Also press, on area a of air above p = i2/ua/, 
.". tension of pump-rod = 12X aw. 
This expression may be put in another form by observing 
that 
pressure of atmosphere on 1 square inch= 12^0/ = 15 lbs. 

IK 

or 12 w = ~f 9 
h 

.*. tension of pump-rod = ?^f A lbs. 

h 

The formula shows that the tension of the rod is inde- 
pendent of the form or size of the pipe leading down to the 
water. It depends on the sectional area of the pump 
barrel, and on that alone. If b c were a cone with a wide 
mouth at c, the tension would be just the same, for the 
pump-rod in effect lifts a column of water whose base is the 
area of the cylinder a b and height the altitude of the water 
lifted. 

187. The force-pump, or plunger-pump, is the same 
apparatus as that already described, so far as raising or 
sucking up the water is concerned, but it differs in the 
mode of sending it to a higher level than the base of the 
pump. It consists of a plunger, c p, working in a cylinder, 
d f, and connected with an air vessel, e, having a pipe, h, 
reaching nearly to its base. There are valves, a and b, 
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each opening upwards, and the pipe, l, leads to a cistern of 
water. 

As the plunger rises, a opens, and the 
water enters the pump in virtue of the atmo- 
spheric pressure. As the plunger descends, 
the valve b opens, and the water in the 
cylinder d f is forced into the vessel e. 

The object of the air vessel e is to pro- 
vide a continuous flow of water up the pipe h. 
The air becomes compressed, and acts like a 
spring, forcing the water up H during the 
time that the plunger is rising in the up 
stroke. 

1 88. Hawksbee's air-pump is a form in common 
use, because it exhausts the air rapidly. It consists of two 
cylinders placed side by side, and open 
at the top to the external air. The 
piston-rods are formed with racks, as 
shown in the diagram, and gear with a 
pinion, p, connected with a double-lever 
handle, a b, which is grasped by both 
hands, one at a and the other at b. 
The cylinders communicate by a pipe 
to a branch, r, leading to the receiver, 
which is commonly a strong glass vessel 
having an open-mouthed base, with a 
flat edge ground perfectly level, and placed upon a level 
metal plate, a little grease being smeared round the line of 
junction in order to make an air-tight joint. 

The student will observe that the valves in this pump 
correspond with those in an ordinary suction-pump. When 
the piston on the left hand rises, c opens and e closes, and 
when the piston descends, E opens and c closes, whereby 
the air in the receiver first expands into the cylinder, and 
is afterwards expelled through the valve E. 

The object of the two cyUn&eis Va V* WMKG&» *or 
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downward pressure of the atmosphere, which would enor- 
mously increase the labour of working the pump if it were 
not counterbalanced. It is an instructive experiment to 
ascertain by trial the amount of force necessary to draw up a 
piston 3 or 4 inches in diameter from the bottom of an open 
cylinder, into which it fits closely, so that the air cannot 
leak into the space underneath. In an air-pump the pres- 
sure of the air above the piston would be 147 lbs. on the 
square inch, and that below the piston would soon fall to 
less than 1 lb., which numbers show very clearly the neces- 
sity for some such provision as the double-cylinder arrange- 
ment. 

189. Smeaton's air-pump is a single-cylinder pump, 
closed in at one end, as shown, and provided with a valve, 

a, which relieves the piston 
\ J j ■ — ^ from the pressure of the ex- 

I ■ lr c ternal air. The pipe, c, com- 

municates with the receiver, 
and the air which gets into the space, ap, is expelled 
through the valve, a, at the end of each stroke of the piston 
to the left hand. In other respects the pump is identical 
with that already described. Since the valve in p is now 
required to open against the diminished pressure of the ail 
in a p instead of against the full pressure of the atmosphere, 
the exhaustion obtained is more complete than in Hawks- 
bee's pump. 

190. It is now time to call attention to the construction 
of the valves of an air-pump, for the student will find that, 
in the attempt to obtain a nearly perfect vacuum, the im- 
portant steps in invention have been, first, to work with 
only one valve, and finally, to abolish valves altogether, and 
to employ falling mercury as an equivalent for the piston 
and valves. 

An air-pump valve is made by stretching a small strip 
of oiled silk over a hole in a plate. The ends of the strip 
are tied down by a thread, leaving tive sides open. The 
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silk is lifted by the pressure of the air forced through the 
valve. When the silk is pressed on the plate the valve is 
perfectly closed. It follows that the air within the channel 
of the valve must exert sufficient pressure to lift the silk, 
or it cannot escape, and after a time the exhaustion will 
stop. 

191. Grove's air-pump shows the first systematic at- 
tempt to get rid of the valves. It is Smeaton's pump with 
the valves p and b abolished. 

The pipe, c, which leads to the ^ J, ? 

receiver is now brought to a I H i 

point intermediate between a ^^ 

and b, whereby the work of 

pumping is effected by the solid piston, p. The artifice 
consists in allowing p to pass beyond c. The air in the 
receiver then expands, and fills the space between a and 
the piston. On the return stroke the air enclosed in ap 
is swept out of the valve a. It is clear that the exhaustion 
will go on until the air compressed in the passage through 
the plate, a, becomes unable to lift the valve a. The prin- 
ciple is an excellent one, and it only remains to get rid of 
the valve a. 

In order to carry out this idea completely, the cylinder, 
a b, is a glass tube some five feet long, having a passage 
near the top leading to the receiver, which is to be exhausted. 
The end, a, of the tube dips into a cistern of mercury, and 
drops of mercury, falling in quick succession from a vessel 
connected with b, sweep the air out of the tube, leaving the 
receiver itself in the same condition as the empty space at 
the top of a barometer tube. This is the principle of 
SprengeVs air-pump. 

192. To find the density of the air in the receiver of a 
pump after any number of strokes. 

Let a be the volume of the receiver, 

b „ „ cylinder or barrel. 

d 2 •• d n the densities of the avx m >ftve. wstvm *S&sx 
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i, 2 •• n strokes of the piston, and let dbe the density of 
the atmosphere. 

Then d x (a + b) = d a, 

d 2 (a + b) = d x a, and so on, 
.\ d x d 2 (\ + b) 2 = </^a 2 , 
^ , d x A 2 

</ X A" 



In like manner d„ = 



n (A + B/' 

193. Referring to Art. 180 for the drawing of a baro- 
meter tube, the student will comprehend the so-called baro- 
meter gauge for an air-pump. Conceive that the tube a b 
dips into mercury at b, and is connected at A with the 
receiver of an air-pump. It is clear that as the pumping 
goes on the mercury will rise in ab, and the height to which 
it rises will furnish a measure of the degree of exhaustion of 
the air. Thus, if h be the altitude of mercury in a baro- 
meter, z its altitude in the tube ab,</ the density of the 
atmosphere, we have 

// — z 
density of air in receiver = — - — x d. 

h 

Again, by referring to the drawing in Art. 179, the 
student will understand the siphon gauge of an air-pump. 
Here acb is a siphon tube, a c being about 4 inches long 
and closed at the end a, the end b being connected with 
the receiver. 

The whole of the tube a c is filled with mercury, the 
tube c b being empty, and the surface of division between 
the mercury in a c and the air in c b is in the bend at c. 
When the air in the receiver is sufficiently exhausted the 
mercury will fall in a c and rise in c b, as in the diagram, 
and the difference of level in c a and c b will measure the 
degree of exhaustion. 

194. The condensing syringe consists of a cylinder, 
A Bt, open to the air at a, and having two valv^s^ one . in the 
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piston and the other in the base of the cylinder, both of 

which open inwards towards the passage C, communicating 

with a receiver. As the 

piston moves from a to B , ' ■ ■ m " Tn^. 

the valve p closes and b I ■ f^P 

opens, and air is forced 

through c ; whereas, on the return of the piston, b closesj 

p opens, and a fresh charge of air enters the cylinder ready 

to be again forced into the receiver on the return stroke of 

the piston. 

195- The hydraulic-press is a machine which for 
power and simplicity of construction is unequalled. The 



principle on which it is constructed has been fully explained 
in Art. 168, and it only remains to point out some details of 
its construction. 

The difficulty connected with the application of the 
press has been the packing of the ram or plunger ; this 
difficulty was overcome by the invention of the water-tight 
collar which was brought into use by Bramah, and the 
name ' Bramah's Press ' is often applied to the macfeseA. 
It must be understood that the waxet -gKMrare '% wwa*-**- 
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able, and often exceeds two tons on the square inch. Two 
forms of packing are commonly adopted — (i) the ring, 
(2) the cup leather. 

A section of the ring is shown as enclosed in the 

chamber abcd, d b being the side of the ram. The water 

. under pressure leaks into the chamber and forces 

c yJ^ the leather tightly against the sides. The greater 

^-JlT tne pressure the more difficult it is for the water 

to pass beyond the ring. The cup leather is a 

simple cup fastened to one end of a piston, which acts only 

when there is water pressure on the inside of the cup. 

The press is shaped as in Art. 166. The hemispherical 
base is important in large presses, the metal being sounder 
and less liable to yield than if the base were flat. The force- 
pump and valves will be understood from the drawing. 

Let r = radius of ram, s = radius of plunger, p the 
pressure applied to plunger, w the resistance overcome by 
the ram, then 

p : w = ir s 2 : 7T r 2 = s 2 : r 2 . 

If a force, q, acting at an arm, a, of a lever produces a 
pressure, p, on the plunger at a distance, £, from the fulcrum, 
we have 

, oar 2 

b s l 

The loss of power by the friction of the collars is not 
serious. Mr. Hick estimates that for rams of four inches in 
diameter the friction is about 1^ per cent, of the total 
resistance, and for larger rams it is less in proportion. 

196. The accumulator is a vessel in which water is 
confined and stored up under pressure, and from which it 
may be drawn off to work hydraulic machinery. It is 
apparent that if water be pumped or forced into a vessel 
fitted with a movable plunger, and, if the plunger be loaded 
with a sufficient weight, the enclosed water will be in the 
same mechanical condition as if \t wexe vcv eoxwKv\\xvveaxion 
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with a reservoir some hundreds of feet above it. The 
water is under pressure in both cases, and it makes no 
difference whether the pressure is caused by a load of iron 
or a load of water. With a properly 
constructed and loaded vessel we 
can readily obtain a supply of water, 
under a pressure {say) of 700 lbs. on 
the square inch, which corresponds 
to a natural head of about 1,500 
feet. The vessel in which the water 
is stored has been called an accu- 
mulator^ because it accumulates the 
power of a pumping engine, and 
becomes a storehouse of the work 
done by the steam engine. 

One form is shown in the dia- 
gram, where a b is a solid plunger 
loaded with a weight, w. This 
plunger enters a strong cast-iron 
cylinder, ef, and there is a pipe, 
d, bringing water from a force- 
pump, and another pipe, c, convey- 
ing water to the cranes or hydraulic 
machines required to be set in motion. So long as a b is 
raised the whole pressure of the loaded ram is taken up by 
the water, and the pressure per square inch will be found 
by ascertaining the area of the ram, and dividing the weight 
raised by the number of square inches in that area. 

Thus, let the diameter of the ram be 7^ inches, its area 
will be 44*1787 sq. inches, and a load of about 31,000 lbs. 
including the weight of the ram itself, would produce a water 
pressure of 700 lbs. on the square inch. 

197. Capillary attraction or repulsion.— A very 

small tube of any substance is called a capillary tube, 
meaning thereby a tube so fine that its bore vrill orc^ 
Admit a hair (capilla). 
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The phenomenon on which we make a few observations 
is commonly known as capillary attraction or repulsion. The 
term ' capillary ' attraction denotes rather the effect observed 
than the cause of it, and is applied to express what happens 
in the wick of a lamp where oil is continually drawn up to 
supply the flame from a liquid reservoir below it. 

The spirit lamp which is used to heat water in an um 
at a breakfast-table is often a small bundle of fine wires 
bound round by a piece of wire gauze, the liquid being 
sucked up by the small tubes or passages existing between 
the solid wires. 

In order to exhibit capillary action, take two tubes of 
glass with bores of (say) ^ and -£$ of an inch in dia- 
meter. Wash them carefully with concentrated sulphuric 
acid, and rinse them with distilled water, which will now 
thoroughly wet the glass. 

It will be found that the liquid rises on the outside of 
each tube a very little, and that it rises sensibly in the inside, 
and to a higher point in the smaller tube. It would appear 
as if the glass attracted the water, the attraction being more 
powerful the smaller the diameter of the tube. Such an expla- 
nation has been commonly accepted, but it is now considered 
insufficient, and the phenomenon is referred to an action 
which takes place on the surface of the liquid. The law 
according to which the liquid rises in the tube has been 
verified by many experiments, and is the following : — 

198. Capillary law, or law of diameters.— When 

a liquid rises by capillary action in a tube, the height to 
which it ascends is inversely as the diameter of the tube. 
The meaning of the law is this, that if water rises to a 
height of 30 units in a tube of diameter 1, it will rise to a 
height of 15 units in a tube of diameter 2, and to a height 
of 300 units in a tube of diameter ^ The less the 
diameter the greater the height, and in the same proportion 
as the diameter diminishes. 

The length of a metre is $9^ mcYve^ the metre being 
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the French measure of length closely corresponding to our 
yard measure. 

A millimetre is -y^js part of a metre, or is '03937 inch, 
or about ^ z of an inch. In the above statement let the 
unit to which the numbers refer be 1 millimetre. 

Then 30 millimetres = n8 inch. 

15 » = "59 » 

1 » = '039 „ 

2 „ = -078 „ 

That is to say, in a tube about ^ of an inch in diameter, 
the water would rise f of an inch, and in a tube ^ 2 ff of an 
inch in diameter it would rise f of an inch, whereas in a 
tube -^Ijf of an inch in diameter it would rise to a height of 
nearly 1 foot. 

These numbers are approximately true, as will appear by 
the following experiment made by Gay Lussac, one of the 
fathers of chemistry : — 

Diameter of tube in Height of column of 
millimetres water in millimetres 
1*29 23*16 

1*90 15*58 

But if height of column is inversely proportional to the 
diameter of the tube, we ought to have 
height of column x diameter of tube = a constant number. 
And in this case — 

129 x 23*16 = 29^87 

1*90 x 15*58 = 29*60 

which numbers are very nearly equal, as they ought to be. 

The next point is that, under the above circumstances, 
water rises higher than any other liquid. But the capillary 
law, or the law of diameters, holds equally in all cases. 
Thus Gay Lussac found, when experimenting with alcohol — 

Diameter of tube in Height of column of 
millimetres alcohol in millimetres 
1*29 9*l& 

rgo fc*c& 
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And we observe that — 

129 x 9*i8 = 11*84 
1*90 x 608 = 11*55 

which products are very nearly equal, or the law of dia- 
meters is experimentally verified with alcohol. 

If two plates of glass, which are held together tightly 
along an edge, and somewhat separated away from the edge, 
are dipped into a vessel of coloured water, the water will rise 
in a film with a curved edge. The plates should be most 
carefully cleaned and wetted in the first instance. 

199. Capillary repulsion is exhibited in the case of mer- 
cury, which does not, like water, wet the surface of glass, 
and accordingly we find that, if the glass tubes used in the 
first experiment be dipped into mercury, the liquid is not 
raised or attracted, but depressed or repelled, and the de- 
pression is greater in the smaller tube. In this case there 
is a film of air, no doubt, between the mercury and the 
tube, whereby the law of diameters is interfered with. 
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Science Exam. 1885.— i. Two r °ds °f uniform density are 
put together, so that the one stands on the middle point of the 
other and at right angles to it ; the former weighs 3 lbs. and the 
latter 2 lbs. ; find the centre of gravity of the whole. 

Ans. Let A B be the longer rod, then A G = ^ A B. 

10 

2. Forces of 7 and 16 units have a resultant of 21 units ; 
find the directions of the forces by a construction drawn to 
scale. Ans. Angle between the forces = 52° yj\ 

3. A and B are two fixed points 5 inches apart in a horizontal 
line ; a rod, A c, 2 feet long is fastened to A by a hinge, and rests 
on B ; if a weight of 5 lbs. is hung at c, what pressures does it 
produce at A and B ? 

Ans. Pressure at A » 19 lbs., and pressure at B = 24 lbs. 

4. If the modulus of elasticity of cast steel is 31,500,000 (in 
pounds per square inch of section), and if a steel rod 14 yards 
long and 7 square inches in section is held at one end, what force 
must be applied in the direction of its length at the other end 
to stretch it one-tenth of an inch ? Ans. 43,750 lbs. 

5. If a man does 1,056,000 foot-pounds in a working day of 
8 hours, at what fraction of a horse power does he work on the 
average ? Ans, — horse power. 

6. A train is moving at the rate of 54 miles an hour ; at 
what rate is it moving in feet per second ? 

Ans. 79! feet per second. 

7. A body is thrown upward with a velocity of 1 10 feet per 
second : after how many seconds will it be moving downward 
with a velocity of 66 feet per second, assumvc^ g - *$*."* 

Ans. ^\«ws«A»- 
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8. A body weighing 200 lbs. is moved from a state of rest, 
and is found subsequently to be moving at the rate of 12 feet a 
second. How many units of work must have been done on it by 
the forces causing motion over and above those expended on 
the resistances ? Give the answer in foot-pounds, assuming 
g = 32. Ans. 450 foot-pounds. 

9. If the plane has a height of 3 feet for every 10 feet of its 
length, what distance would a particle descending along it, from 
a state of rest, describe in 2 J seconds ? 

Here/= 9-6, s = J// 3 = 30 feet. 

10. A cube, each of whose edges is 2 feet long, stands on one 
face on the bottom of a vessel containing water 4 feet deep ; find 
the pressure of the water on one of the upright faces of the cube, 
assuming that a cubic foot of water weighs 1000 oz. 

Ans. Pressure = 3 x 4 x 1000 oz. = 750 lbs. 

11. Given that the specific gravity of petroleum is o*88, and 
that a quart of water weighs 40 oz., find how many gallons of 
petroleum will weigh 38J lbs. Ans. 4§ gallons. 

12. If the plunger of a force-pump has a cross- section of 4 
square inches, and works 80 feet below a cistern, with what pressure 
must it be pushed down in order to force water into the cistern? 

Here total pressure « -4— - — ° x I2 5 lbs. per square inch. 

144 x 2 «- 1 

= 138 fibs. 

13. A uniform bar of metal 10 inches long weighs 4 lbs., and 
a weight of 6 lbs. is hung from one end. Find the fulcrum or 
point upon which the bar will balance. 

Let x be distance of fulcrum from the end at which the 
weight is hung. Then 4 (5 - x) = 6 x t :. x •-= 2 inches. 

14. A horse drawing a cart along a level road at the rate of 
2 miles per hour performs 29,216 foot-pounds of work in 3 
minutes. What pull in pounds does the horse exert in drawing 
the cart? A n s. 55 £ lbs. 

1 5. What must be the diameter in inches of a round rod of 
wrought-iron in order to sustain a load of 50 tons ? It is given 
that a bar of iron .1 square inch in section will just support a 

load of 25 tons. Ans, 1-595 inch. 
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16. A rectangular tank has an inclined base abcd, whereof 
the side ab is 4 feet long, and each point of it is 4 feet below 
the surface of the water, while the side CD is also 4 feet long, 
each point of it being 2 feet below the surface of the water. 
Find the pressure in pounds upon the base, it being given that 
ad = bc = 6 feet, and also that a cubic foot of water weighs 
62 \ lbs. 

Ans. Pressure on base = 6x4x3x6*25= 4,500 lbs. 

17. Given that a rectangular rod of fir, 10 inches long, 1 inch 
broad, and 1 inch deep, and supported at both ends, will just 
sustain 540 lbs. when hung at its centre, what should be the 
depth of a bar of like wood 5 feet long and 2 inches broad, and 
supported at both ends, in order to support a load of £ of a ton 
when hung at its centre ? Ans. 3*055 inches. 

18. A weight of 400 lbs. is being raised by a pair of pulley 
blocks, each having two sheaves. The standing part of the rope 
is fixed to the upper block, and the parts of the rope, whose 
weight may be disregarded, are considered to be vertical. 
Each block weighs 10 lbs. What is the pressure at the point 
from which the upper block hangs ? Sketch the arrangement 

Ans. 522 J lbs. 

19. Sketch a sectional elevation of a hydraulic-press, show- 
ing the mode of packing the ram. The power which actuates 
the force-pump is applied at the end of a lever giving a mecha- 
nical advantage of 14 to 1, and the area of the plunger of the 
pump is 1 square inch. What power must be applied to the 
end of the lever to produce a pressure of 1 ton per square inch 
on the water enclosed in the press? Ans. 160 lbs. 

20. A compound axle consists of two parts, the diameters 
being 10 and 12 inches respectively, and a rope is coiled round 
them in opposite directions so as to form a loop, upon which 
hangs a pulley loaded to 48 lbs. Considering the parts of the 
rope to be vertical, find the force which, acting at a leverage of 
4 feet upon the axle, will just balance the weight. Sketch the 
arrangement. Ans. J lb. 

21. A wheel of 40 teeth is driven by a winch -handle 14 
inches long, and gears with a rack having teeth <tf \-vcvOcv^>\s^\ 
apply the principle of work to find the dtWm^ v*^ 5 ^^ ««*«&> 
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on the rack when a power of 50 lbs. is applied at the end of the 
winch-handle. Ans. no lbs. 

22. The rods of a double-barrelled pump are attached to a 
double-cranked shaft, at the end of which is a wheel with 30 
teeth. This wheel gears with a pinion of 8 teeth driven by a 
winch-handle. Find the number of single strokes performed by 
each pump-rod while the winch-handle makes 15 revolutions, 
and sketch the arrangement. Ans. 8 single strokes. 

Science Exam. 1884.— 1. * n a certain state of the atmo- 
sphere 100 cubic inches of air weigh 31 grains ; at a temperature 
the same as that of the air 30 cubic inches of mercury weigh 
14-88 lbs. ; find the number of cubic inches of air which contain 
as much matter as a cubic inch of mercury. 

Ans. 11,200 cubic inches. 

2. A circular lamina weighs 9 oz. ; a thin straight wire as 
long as the radius of the circle weighs 7 oz. If the wire be 
placed on the lamina so as to be a chord of the circle, find the 
centre of gravity of the whole. 

Let ab be the wire, c its centre, also let o be the centre 
of the circle, and G the required centre of gravity. 

Then 9x OG*7 xCG. Also OG + CG= V| x radius of 
circle. 

Whence OG = '3788 x (radius of circle). 

3. Find (by construction or otherwise) the resultant of three 
forces, viz. 12 and 15 units acting in opposite directions along 
parallel lines, and 8 units acting along a line at right angles to 
the former lines. Resultant « sj 64 + 9 = 8-544 units. 

4. A force of 50 units acts along a line inclined at an angle 
of 30 to the horizon ; find, by construction (or otherwise), its 
horizontal and vertical components. The force and the two 
components just found are, of course, in a vertical plane ; find 
next the components of the force of 50 units along two lines in 
that plane at right angles to each other, and inclined at angles 
of 45 to a horizontal line. 

Ans. The components are 

(0 25, 43*3 units. 
W 4ft"2» ^*9 units. 
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5. A square board, ABCD, is capable of turning freely in its 
plane, which is vertical, round A ; it is held so that ab is vertical 
by a force acting along bc ; find the reaction of the fixed point 
at A and the force along BC in terms of the weight of the board ; 
find also the line along which the reaction acts. 

Ans. Reaction at A = Y^/3. 

2 

Force along B c - — . 

2 

The reaction passes through the middle point of bc. 

6. A cylinder, whose height is three times the diameter 61 
its base, stands on a plane horizontal at first, but afterwards 
inclined to the horizon at a gradually increasing inclination ; 
supposing the friction sufficient to prevent sliding, find, by 
construction or otherwise, at what inclination the cylinder will 
topple over. If a cone, whose height and base are equal to 
those of the cylinder, had been placed on the same plane, why 
would the cone stand after the cylinder had toppled over? 

Ans. Angle at which cylinder upsets is 18 26'. 
» » cone „ 33 41'. 

7. A body weighing 10 lbs. is placed on a horizontal plane, 
and is made to slide over a distance of 50 feet by a force of 
4 lbs. ; what number of units of work is done by the force? If 
the coefficient of friction between the body and the plane is 0*3, 
what number of units of work is done against friction ? 

Ans. 200 foot-pounds. 

150 

8. A force F, acting on a mass of 5 lbs., increases its velocity 
in every second by 12 feet a second ; a second force p, acting 
on a mass of 28 lbs., increases its velocity in every second by 7$ 
feet a second ; find the ratio of F to P. 

Ans. The ratio is 2 to 7. 

9. A small heavy ball, suspended by a fine thread 6 ft. 4J in. 
long, was found to make 151 oscillations in 3 m. 31 s. ; calculate 
the accelerative effect of gravity at the place where the experi- 
ment was made. Ans. 32*223. 

10. A rectangular hole, abcd, whose lower side, CD, is hori- 
zontal, is made in a side of a reservoir and is clo^&V>^ ^^rkss. 

whose plane is vertical ; the door can \um i?es&y wafcw«tfc.^ra«&& 

^ 1. 
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a hinge coinciding with CD ; calculate the force that must be 
applied to ab to keep the door shut, assuming that ab is i foot 
and ad 12 feet long, and that the water rises to the level of ab. 

Let P ■» pressure on door, Q =* required force. 

Then 4 p = 12 Q, also P = 36 x 125, /. Q « 1500 lbs. 

1 1. The standard weight of a Nicholson's hydrometer is 
1,250 grains ; a small substance is placed in the upper pan, and 
it is found that 530 grains are needed to sink the instrument to 
the standard point ; but when the substance is put into the 
lower pan, 620 grains are required ; what is the specific gravity 
of the substance ? Ans. 8. 

12. One foot of the length of the barrel of the pump holds a 
gallon of water (10 lbs.) ; at each stroke the piston works through 
4 inches ; the spout is 24 feet above the surface of the water in 
the well ; how many foot-pounds of work are done per stroke ? 

Ans. 80 foot-pounds. 

13. A car laden with 20 passengers is drawn up an incline, 
one end of which is 160 feet above the other ; the car, when 
empty, weighs 2 tons, and the average weight of each passenger 
is 140 lbs. Find the number of foot-pounds of work done in 
ascending the incline, neglecting friction. 

Ans. 1,164,800 foot-pounds. 

14. A uniform beam, 12 feet long and weighing 100 lbs., is 
supported at both ends and carries a weight of 2 cwt. at a dis- 
tance of 3 feet from one end ; find the pressure on each point 
of support. Ans. 218 lbs. and 106 lbs. 

1 5. A weight of 4 cwt. is raised by a cord which passes round 
a drum 3 feet in diameter, having on its shaft a toothed wheel 
also 3 feet in diameter. A pinion, 8 inches in diameter, and 
driven by a winch -handle 16 inches long, gears with the wheel. 
Find the power to be applied to the winch-handle in order to 
raise the weight. Ans. 112 lbs. 

16. The diameter of the pitch circle of a pinion working into 
a rack is 10 inches. How far will the rack travel for two revo- 
lutions of the pinion ? Ans. 20tt, or 62*83 inches. 

17. Find the dimensions of a transverse section of a square 
rod of fir to sustain a suspended \oad oi io\wv^^\ok\^\^ 
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held vertically. The breaking load of a rod of fir one square 
inch in section is 6 tons. 

Ans. Side of square = 1 -29 inch. 

18. A beam, 20 feet long, whose weight is neglected, is sup- 
ported at both ends and loaded with 1 ton evenly distributed 
along its length. Find the bending moment at a distance of 7 
feet from one end. 

Ans. 5,096, the units being in feet and pounds. 

19. A pulley, 24 inches in diameter, makes 50 revolutions 
per minute, and transmits 3-H.P. by means of a strap running 
upon its rim. Find the tension of the strap. 

Ans. 315-119 lbs. 

20. The diameter of the plunger of a force-pump is 2 J inches 
and it is driven by a crank 2 inches in length making 30 revo- 
lutions per minute ; find the number of cubic inches of water 
pumped up in 5 minutes. Ans. 2,94 5 \ cubic inches. 

21. A vertical bar, moving in guides, is driven by a circular 
cam-plate having a centre of motion in the line of direction of 
the bar. The distance from the centre of motion to the centre 
of the plate is 2 inches, and the bar exerts a pressure of 10 lbs. 
when rising, but falls by its own weight. Find the work done 
in 100 revolutions of the plate. Ans. 333 J foot-pounds. 

22. A cylindrical can is 6 inches in diameter and 36 inches 
deep, and is required, when empty, to stand in a bath of water 
30 inches deep without being lifted up. To what weight must 
the can be loaded, the weight of a cubic foot of water being 
62j lbs. Ans. 30*68 lbs. 

Science Exam. 1883.— 1. If 100 cubic inches of oxygen (under 
certain circumstances of pressure and temperature) weigh 35 grains 
and 1 cubic inch of mercury -weighs -49 lb., how many cubic 
inches of oxygen would contain the same quantity of matter as 
1 cubic inch of mercury ? Ans. 9,800 cubic inches. 

]/ 2. Two bodies move with constant velocities^ one describes 
36-miles in *h. i!*m. and the other J&Jeet in *£sec. ; compare 
the two velocities. If the former body weighs 50 lbs. and the 
latter 72 lbs., compare their momenta. 

Ans. Veioc&Ye&rafe^&^N&v^ 
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3. If a square tin plate weighs 5 oz. and a small body weigh- 
ing 2 oz. is placed at one comer of the plate, find the centre of 
gravity of the whole. 

Ans. At a point in the diagonal through the weighted 
corner distant — of the diagonal from the corner. 

4. Three forces act at a point and keep it at rest, show how 
to draw a triangle whose sides shall represent the forces. AC 
and bc are two threads, 4 feet and 5 feet long respectively, fastened 
to fixed points A and B, which are in the same horizontal line, 
6 feet apart : a weight of 50 lbs. is fastened to c ; find, by means 
of a construction drawn to scale, the pull it causes at the points 
A and B. Ans. Tension of AC = 37I lbs. 

„ bc = 28J „ 

5. A rod AB, whose length is 5 feet and weight 10 lbs., is 
found to balance itself if supported on a fulcrum 3 feet from A. 
If this rod were placed horizontally on two points, one under A 
and the other under B, what pressure would it exert on each 
point ? Ans. 4 lbs. and 6 lbs. 

6. A lever (ab) of the first order, 8 feet long, has the fulcrum 
2 feet from B ; a weight of 5 lbs. is hung from A, and one of 17 
lbs. from B ; putting the weight of the lever itself out of the 
question, from what point must a weight of 2*5 lbs. be hung to 
keep the lever horizontal ? Ans. 3§ feet from B. 

7. Weights of 10 lbs. and 8 lbs. are connected by a very fine 
thread which rests on a rough fixed pulley, so that they hang 
suspended ; the heavier weight is found to be just not heavy 
enough to fall and draw the lighter weight up ; if now we sup- 
pose the weights made to move uniformly, so that one goes up 
and the other down through 12 feet, how many foot-pounds of 
work are done against friction during the motion ? Would this 
amount of work be done against friction if the friction were such 
that in the descent the bodies moved faster and faster ? 

Ans. 24 foot-pounds. 

8. A body, known to be acted on by a constant force, begins 
to move from a state of rest ; it is observed to move through 

' feet in a certain two seconds, and X\wcou^\\ *n fefct in. the next 
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two seconds ; what distance did it describe in the first six seconds 
of its motion? Here/= 5 feet per second. 

Distance required = 90 feet. 

9. A mass of 6} lbs. is put on a smooth horizontal table and 
connected by a fine thread to a mass of 1 J lb., which hangs 
over the edge of the table ; if the latter body is allowed to fall, 
dragging the former after it, what force does it exert on the 
former body, and what is its accelerative effect on the velocity 
of that body? Ans. ij— lb. ; 5 feet per second. 

10. The two parallel legs of a bent tube are held vertically, 
and liquids which do not mix are poured slowly into the tube, 
the heavier being poured first ; find in what position they come 
to rest 

If the two liquids are water and oil (sp. gr. o-88), and the 
water rises 1 1 inches above the common surface, to what height 
does the oil rise ? 

Ans. The heights above the common surface are inversely 
as the densities. Height of oil = 12*5 inches. 

11. A cylinder is fitted with a piston which works in it easily 
and air-tight ; when the water barometer is at 33 feet, the piston 
is 1 foot above the bottom of the cylinder ; if the cylinder were 
slowly sunk in water to a depth of 44 feet, how high would the 
piston be above the bottom of the cylinder ? 

Ans. 5^ inches. 

12. If the pressure in the receiver of an air-pump were re- 
duced to \ of the atmospheric pressure in four strokes, to what 
would it be reduced in six strokes ? 

Ans. '1924 of the atmospheric pressure. 

13. How is the work done by a force measured? The re- 
sistance to traction on a level road is 150 lbs. per ton of weight 
moved ; how many foot-pounds of work are expended in drawing 
6 tons through a distance of 1 50 yards ? 

Ans. 405,000 foot-pounds. 

14. Explain the manner in which the principle of work is 
applied in determining the relation of P to w in the levex. frw 
lever, centred at one end, is 15 feet long, axA a. wLy^dX^V^^m** 
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hangs from the opposite end. The weight w is supported by 
an upward pressure of 28,270 lbs. at 13 feet from the fulcrum. 
Find w. Ans. 24,500! lbs. 

15. In a lifting crab the lever-handle is 14 inches long, the 
diameter of the drum is 6 inches, and the wheel and pinion have 
57 and 1 1 teeth respectively. Find the weight in pounds which 
could be raised by a force of 50 lbs. applied to the lever-handle, 
friction being neglected. Ans. 1,209 T T T lbs. 

16. A sluice-gate is 4 feet broad and 6 feet deep, and the 
water rises to a height of 5 feet on one side and 2 feet on the 
other side. Find the resultant pressure in pounds on the gate. 

Ans. 2,625 lbs. 

17. If the diameter of the ram of a hydraulic-press is 9 times 
that of the force-pump, and if p be the pressure on the pump, 
what is the pressure exerted by the ram, neglecting friction ? 

Ans. 81 P. 

18. In a compound wheel and axle the diameters of the two 
parts of the axle are 5 and 6 inches respectively. The weight 
raised, viz. w, hangs from a single movable pulley in the usual 
manner, and is supported by a pressure P applied perpendicu- 
larly to a lever-handle 15 inches in length. Find the ratio of 
p to w. Ans. w = 60 p. 

19. Friction is neglected, and it is found that a force acting 
horizontally will move 10 lbs. up 5 feet of an incline rising 1 in 
4. Find the work done, and find also the force parallel to the 
plane which will just support the weight of 10 lbs. 

Ans. \2\ foot-pounds, 2 J lbs. 

20. A rectangular beam of timber is supported at both ends, 
and can just bear a weight of w lbs. evenly distributed without 
breaking. If the load were all brought into the centre, how much 
should the breadth of the beam be increased, the depth remain- 
ing unchanged ? Ans. The breadth should be doubled. 

21. A rectangular beam of fir, of uniform section throughout, 
is supported horizontally on two walls 15 feet apart, and has to 
carry a load of 1 \ ton at 5 feet from one of the walls. The 
width of the beam is 5 inches ; find its depth, taking the safe 
load at one-fourth the breaking \oad. Hew much should the 
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depth of the beam be increased, the breadth remaining constant, 
if the load were shifted from its original position to the centre 
of the beam — the breaking weight of a beam of fir 1 5 inches long, 
1 inch broad, and 1 inch deep, supported at both ends and loaded 
in the middle, being taken at 360 lbs. ? 

Ans. Depth « 8-9 inches. 
Increased depth = 9*465 inches - 8-9 inches. 

22. The resistance of friction along an inclined plane is taken 
at 1 50 lbs. for each ton of weight moved. Find the work done 
in drawing 2 tons up 100 feet of an incline which rises 1 foot in 
height for 25 in length. Arts. 47,920 foot-pounds. 

23. Explain the mechanical advantage resulting from the 
employment of an endless screw and worm wheel. The lever- 
handle which turns an endless screw is 14 inches long, the 
worm wheel has 32 teeth, and a weight w hangs by a cord from 
a drum of 6 inches in diameter, whose axis coincides with that 
of the worm wheel. If a pressure P be applied to the lever- 
handle, find the ratio of P to w. 

Ans. p : w : : 3 : 448. 

Science Exam. 1882. — 1. Define Mass and Density. Of two 
bodies one has a volume of 5 cubic inches, the other of one -fifth 
of a cubic foot. In a perfectly just balance the former weighs 15 
oz., the latter 12-8 lbs. ; what is the ratio of the mass of the first 
to that of the second, and what is the ratio of the density of the 
first to that of the second ? 

Ans. Ratio of masses is 75 to 1024. 
„ densities 81 „ 16. 

(T 2. Define the resultant of two forces. Forces of 5 and 12 
units respectively act at a point ; what are their directions when 
their resultant is greatest, and what when it is least ? Find the 
resultant when greatest, when least, and when the forces act at 
right angles to each other. Ans. 17, 7, 13 units. 

3. Define the moment of a force with respect to a point. If 
two forces balance each other on a weightless rod capable of 
turning freely round a fixed point, what relation must exist 
between the forces? c is a point in a weightless rod (ab) 
round which it is capable of turning freely ; AC \s» ttc&-*&&cc&. *& 
ab ; a force of 10 units acts at A peYpexvfooAaxVj \fc *^ **sv^ ^ 
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balanced by an equal force acting at B ; find how the second 
force must act, and the magnitude and direction of the pressure 
on the fulcrum. 

Ans. 30 to rod. 

iov^units at an angle of 6o° to rod. 

4. A particle is found to be moving in a straight line at the 
rate of 5 feet a second ; a quarter of a minute afterwards, at the 
rate of 50 feet a second ; half a minute afterwards, at the rate of 
95 feet a second. Show that this is consistent with the action of 
a constant force on the body, and find the ratio which that force 
bears to the force of gravity on the body. 

Ans. The ratio is 3 to 32. 

5. A body whose weight is 12 lbs. and specific gravity 2*5 is 
placed in a vessel with horizontal base containing water ; what 
pressure is exerted on the base by the body, supposing the body 
to be quite covered with water ? Ans. y\ lbs. 

6. A hollow cylinder is full of air at a pressure of 1 5 lbs. per 
square inch when the piston is 12 inches from the bottom ; if more 
air is forced in till there is three times as much air as at first, 
and if the piston is allowed to rise 4 inches, what is now the pres- 
sure of the air per square inch (temperature constant) ? 

Ans. 33 1 lbs. per square inch. 

7. A ball, weighing 100 lbs., rests on an inclined plane, being 
held in position by a string which is fastened to a bracket so as 
to be parallel to the plane. The height of the plane being one- 
third of the length, find the tension of the string and the pressure 
perpendicular to the plane. Establish your results by reason- 
ing on known principles, such as the principle of work or that 
of the parallelogram of forces. Ans. 33J lbs., 94*28 lbs. 

8. A hole is punched through a plate of wrought-iron one 
half inch in thickness, and the pressure actuating the punch is 
estimated at 36 tons. Assuming that the resistance to the 
punch is uniform, find the number of foot-pounds of work done. 

Ans. 3,360 foot-pounds. 

9. The area of the plunger of a force-pump being 3 square 
inches, find the pressure upon it when water is forced up to a 

height of 20 feet. Ans. 16 -^ lbs. 
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10. In the headstock of a lathe a pinion of 20 drives a wheel 
of 60, and a second pinion of 20 drives another wheel of 60 ; 
compare the rates of rotation of the first driving pinion and of 
the mandril of the lathe. Sketch the arrangement. 

Ans. 9 to 1. 

11. A punching-machine is provided with a fly-wheel and 
driven by an engine at such a rate that two holes are punched 
in three minutes. The plate operated on is 1 inch thick, and 
it is estimated that a mean pressure of 69 tons is exerted through 
the space of one inch. Find the average amount of work done 
per minute by this machine. 

Ans. -26 horse-power, or 8,586$ foot-pounds. 

12. In the transmission of power by a rope, the wheel carry- 
ing the rope is 14 feet in diameter and makes 30 revolutions per 
minute, the tension of the rope being 100 lbs. Find the amount 
of power transmitted as estimated in horse-power. 

Ans. 4 horse-power 

13. What must be the breadth in inches of an oak cantilever 
or overhanging beam, 6 feet long and 9 inches deep, in order to 
carry a load of i ton at its extremity, and how much must its 
breadth be increased in order that it may carry an additional 
load of J ton uniformly distributed over its length. The actual 
stress is not to exceed \ of the breaking stress, and the break- 
ing weight of an oak cantilever 6 inches long, 1 inch deep, and 
1 inch broad is 280 lbs. Ans. 2*37 inches. 

Additional breadth = ri8 inch. 

Science Exam. 1881.— 1. Forces of 5 and 7 units act in the 
same direction along parallel lines at points 2 feet apart. Where 
is their centre ? If the direction of the former force is reversed, 
where will now be their centre? Show the position of the 
centre in each case by a diagram. 

Ans. 14 inches from the force 5. 
84 » » „ 5. 

2. A pumping-engine is partly worked by a weight of 2 tons, 
which at each stroke of the pump falls through 4 feet ; the 
pump makes 10 strokes a minute. How many gallons of water 
(1 gallon weighing 10 lbs.) are lifted per minute b^ \kfe ^^nj^x 
from a depth of 200 feet ? 
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N.B. — You need not concern yourself with the question how 
the weight is lifted between the strokes. 

Ans. 89*6 gallons. 

3. What is meant when it is said that the acceleration of the 
velocity of a particle is 10, the units being feet and seconds ? If 
the particle were moving at any instant at the rate of 7^ feet a 
second, after what time would its velocity be quadrupled ? And 
what distance would it describe in that time ? 

Ans. i\ seconds, 42^ feet 

4. A rod suspended by a fine axis passing through one end 
of it makes 66 oscillations a minute ; find another point in it 
from which, if it be suspended, it will still make 66 oscillations a 
minute (g = 32). Ans. 2*69 feet from the end. 

5. Two equal small areas (a and b) are marked on a side 
of a reservoir at different depths below the surface of the water ; 
what is the ratio of the pressure of the water on A to its pressure 
on B? 

The pressure on A is four times the pressure on B ; but if 
water is drawn off, so that the surface of the water in the reser- 
voir falls a foot, the pressure on A is now five times the pressure 
on B. At what depth were A and B below the surface in the 
first instance? Ans. Depth of A = 16 feet. 

„ B « 4 feet 

6. A rod of uniform cross section, 18 inches long, weighs 3 
oz.; its specific gravity is 8*8 ; what fraction of a square inch is 
the area of its cross section ? The weight of a cubic inch of 
water may be taken to equal 252 grains. 

Ans. -03288 square inch. 

7. A barometer stands at 30 inches, the vacuum above the 
mercury being perfect ; the area of the cross section of the tube 
is \ of a square inch. If \ of a cubic inch of the external air is 
allowed to get into the barometer and the mercury is found 
to fall 4 inches, what was the volume of the original vacuum ? 

Ans. I cubic inch. 

8. A pump is worked directly from the ram of a water-pres- 
sure engine, the cylinder of which is 6 inches in diameter, that 
of the pump being 8} inches. TVve YveaA c& -watet vcv t\\& su^ly 
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pipe which gives the power is 450 feet, and that in the delivery 
pipe is 1 50 feet ; find the ratio of work done to power expended. 

Ans. 1 to 1*41. 

9. The plunger of a force-pump is 8 J inches in diameter, the 
length of the stroke is 2 feet 6 inches, and the pressure of the 
water is 50 lbs. per square inch ; find the number of units of 
work done in one stroke. Ans. 7516-5 foot-pounds. 

10. A lock-gate is 12 feet wide, and the water rises to a 
height of 8 feet from the bottom of the gate. What pressure in 
pounds does it sustain ? (The weight of a cubic foot of water is 
62J lbs.) Ans. 24,000 lbs. 

11. A valve, 3 inches in diameter, is held down by a lever 
and weight, the length of the lever being 10 inches, and the 
valve spindle being 3 inches from the fulcrum. You are to dis- 
regard the weight of the lever and to find the pressure per 
square inch which will lift the valve when the weight hung at 
the end of the lever is 25 lbs. 

Ans. 1 179 lbs. above the atmosphere. 

12. Define the pitch circle of a toothed wheel. Two parallel 
axes are at a distance of 10 inches, and they are to rotate with 
velocities as the numbers 2 and 3 respectively. What should 
be the diameters of the pitch circles of a pair of wheels which 
would give the required motion ? Ans. 12 inches and 8 inches. 

13. A weight of 20 lbs. draws up w lbs. by means of a wheel 
and compound axle. The diameter of the wheel is 5 feet, and 
the diameters of the parts of the compound axle are 9 and 1 1 
inches respectively ; find w. Ans. 1,200 lbs. 

14. State the rule for finding the amount of work stored up 
in a given weight when moving with a given velocity. A weight 
of 6 cwt. moves with a velocity of 20 feet per second ; how many 
units of work are stored up in it ? 

Ans. Taking g = 32, the answer is 4,200 foot-pounds. 

15. The rim of a fly-wheel weighs 9 tons, and the mean 
linear velocity of its mass is assumed to be 40 feet per second ; 
how many foot-tons of work are stored up in it? If it be re- 
quired to store the additional work of 9 foot-tons, what should 
be the increase of velocity ? 

Ans. 223*6 ioo\Aotv^% feax^ftx ««s^ 
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1 6. A bar of wood 7 feet long and 2 inches square is sup- 
ported at both ends and is broken by a weight of 500 lbs. 
suspended at the centre. What weight in pounds will a rect- 
angular bar of the same material, supported and loaded in like 
manner, sustain when its length is 8 feet, its breadth 2£ inches, 
and its depth 4 inches? Ans. 2187-5 lbs- 

Science Exam. 1880. — 1. How is the quantity of matter in a 
given body ascertained ? One body (a) has a volume of 1 -35 
cubic foot and a specific gravity of 4*4 ; a second body (b) has a 
volume of 108 cubic inches and a specific gravity of 19*8 ; what 
ratio does the quantity of matter in A bear to that in B ? 

Ans. 48 to 1. 

2. Define the modulus of elasticity. A wire 10 feet long, 
whose cross section is ~ of a square inch, is lengthened 
by ~ of an inch when stretched by a weight of 68 lbs.; 
what is the modulus of elasticity of the material? 

Ans, 16,320,000 lbs. per square inch. 

3. Two parallel forces of 10 and 12 units act in opposite 
directions at points 2 feet apart ; where is their centre ? What 
is the distinctive property of the centre of two parallel forces ? 

Ans. 12 feet from force 10. 

4. Define a foot-pound and a horse-power. What is the 
horse-power of a waterfall of 18 feet, when the stream above the 
fall passes through a section of 6 square feet at the rate of i\ 
miles an hour ? Ans. 45 h.p. 

5. What is the acceleration of the velocity of a moving body? 
How is it measured when constant ? A body, whose velocity is 
known to be uniformly accelerated, is moving at the rate of 100 
yards a minute, and 10 seconds afterwards at the rate of 160 
yards a minute; what is the acceleration of its velocity, and 
what distance does it describe in those 10 seconds? 

Ans. ~- 6 of a foot per second, 65 feet. 

6. Two particles whose masses are 5 lbs. and 3 lbs. are 
connected by a perfectly flexible weightless thread which rests 
on a smooth point. The heavier mass draws up the lighter ; 
when it has fallen through 5 feet, what is the kinetic energy of 
the particles and their velocity ? (g = 32). 

Ans. 10 foot-\>o\mte,%'c^fe^\.^t ^co^ 
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7. Describe briefly the mercurial gauge of an air-pump. If 
the barometer stands at 297 inches, what will the gauge read 
when the quantity of air withdrawn is ten times as much as the 
quantity left in the receiver? Ans. 27 inches. 

8. An endless cord, stretched, and running over grooved 
pulleys with a linear velocity of 3000 feet per minute, transmits 
five horse-power ; find the tension of the cord in pounds. 

Ans. 55 lbs. 

9. What is the unit of work ? A horse drawing a cart at the 
rate of 2 miles per hour exerts a traction of 1 56 lbs. ; find the 
number of units of work done in 1 minute. 

Ans. 27,456 foot-pounds. 

10. In the force-pump of a press the area of the plunger is | 
of a square inch, the distance from the fulcrum of the lever- 
handle to the plunger is 2 inches, and the distance from the 
fulcrum to the other end of the lever is 2 feet ; what pressure 
per square inch is exerted on the water underneath the plunger 
when a weight of 20 lbs. is hung at the end of the lever-handle ? 

Ans. 720 lbs. 

11. In a crane there is a train of wheelwork, the first pinion 
being driven by a lever-handle and the last wheel being on the 
same axis as the chain-barrel of the crane. The wheelwork 
consists of a pinion of 1 1 gearing with a wheel of 92, and of a 
pinion of 12 gearing with a wheel of 72, the diameter of the 
barrel being 18 inches and that of the circle described by the end 
of the lever-handle being 36 inches ; find the ratio of the power 
to the weight raised, friction being neglected. 

Ans. p : w : : 1 1 : 1 104. 

12. A rectangular beam of timber supported at both ends, 
and of a given breadth and depth, just supports a load w at its 
centre. If the load be shifted to a point halfway between the 
centre and one end, how much may the depth be reduced ? 

Ans. 13*4 per cent. 

13. A horizontal screw, of one inch pitch, is fitted to a sliding 
nut which is pulled horizontally by a cord passing over a fixed 
pulley, and having a weight w attached to it. To the free end. 
of the screw there is fixed a puWey of 2.0 vcvc\\^s $vax&fc\Kt*Vss«a. 
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the circumference of which a weight w hangs by a cord. Sketch 
the combination, and find P to w. 

Ans. p : w : : i : 62*8. 

14. What must be the effective horse-power of a locomotive 
engine which moves at the steady speed of 40 miles per hour on 
a level rail, the resistance being 15 lbs. per ton, and the weight 
of the engine and train being 100 tons ? If the rails were laid at 
a gradient of 1 in 100 what additional horse-power would be 
required? Ans. 160 h.p. 

Additional H.P. « 238-93. 

15. In a direct-acting engine the length of the crank is 2 
feet and that of the connecting-rod is 9 feet. How far is the 
piston from the middle of its stroke when the crank has moved 
through 6o° from either dead point in the forward and backward 
strokes respectively ? Ans. 9*98 inches, 14*02 inches. 

Science Exam. 1879.— 1. Define momentum. Of two bodies 
one has a mass of 2 cwt., and moves at the rate of 4 feet a 
second ; the other has a mass of 21 lbs., and moves at the rate 
of 120 yards a minute : find the ratio of the momentum of the 
former body to that of the latter. Ans. 64 to 9. 

2. A rod of uniform section and density, weighing 3 lbs., rests 
on two points, one under each end ; a movable weight of 4 lbs. 
is placed on it. Where must this weight be placed that one of 
the points may sustain a pressure of 3 lbs. and the other point 
a pressure of 4 lbs. ? 

Ans. At a distance f the length of rod from one end. 

3. Find the velocity acquired by a body that falls freely from 
rest for a quarter of a second, and the distance it describes in 
that time, assuming that the accelerative effect of gravity is 32 
in feet and seconds. Ans. Velocity » 8 feet per second. 

Space « 1 foot. 

4. A small body, whose mass is 8 lbs., tied to one end of a 
fine thread, 6 feet long, swings backward and forward in the arc 
of a semicircle. What is its kinetic energy, and what its velo- 
city as it passes through the lowest point of the semicircle ? 

Ans. 48 foot-pounds. 
Velocity - 19*6 fe*sX -^ei tftcotid 
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5. A small heavy ball is allowed to roll down an inclined 
plane ; it is found that at the ends of the first, second, and third 
of three equal intervals of time the distances it has described 
from the starting-points are proportional to the numbers 1, 4, 9. 
What inference can be drawn from this fact as to the force that 
has acted on the body ? 

If the ball described 2\ feet in the first second of its motion, 
what distance would it describe in the third second ? 

Ans. 12 J feet. 

6. Describe briefly Bramah's press. 

If the diameter of the smaller plunger is £ inch, and that of 
the larger plunger (or ram) 1 5 inches, and the arms of the lever- 
handle 2 inches and 2 feet respectively, what force must be 
applied to the end of the long arm of the lever to make the ram 
raise a weight of 10 tons ? Ans. 4§ lbs. 

7. Enunciate the principle of Archimedes. Does it hold 
good in the case of gases as well as liquids ? 

Assuming that atmospheric air at ordinary pressures and 
temperatures weighs 0-31 grain, and hydrogen 0*02 grain per 
cubic inch, what will be the weight of a bladder, in which are 
300 cubic inches of hydrogen, that will just stay where it is 
placed, e.g. on a table? Ans. 87 grains. 

8. If 8 cubic inches of a liquid whose specific gravity is 1*25 
are mixed with 12 cubic inches of another liquid whose specific 
gravity is 1*125, what is the specific gravity of the mixture if 
neither shrinking nor expansion occurs? Ans. 1*175. 

9. A horse, walking at the rate of 3 miles an hour, draws 
a load of 1 cwt. up a shaft by means of a rope passing over 
a pulley at the mouth of a shaft ; estimate in foot-pounds the 
work done in 1 minute. Ans. 29,568 foot-pounds. 

10. Apply the principle of work in solving the following 
question : — The lever-handle of a crab is 3 times the diameter 
of the drum, and the wheel work consists of a pinion of 16 teeth 
driving a wheel of 80 teeth ; what weight will be lifted by a 
power of 30 lbs. acting at the end of the lever- handle ? 

Ans. 900 lbs. 

11. A smooth incline is 8 feet long, and the. tsA*A n^oCnk^ 
rise from the bottom to the top thereof \s 2 fee\. "^VaX *xsnr>nm&« 
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of work is performed in drawing a weight of ioo lbs. up 4 feet of 
the incline, and what is the least force which will do this work? 

Ans. 100 foot-pounds, 25 lbs. 

12. The crank of an engine is 2 feet in length, and the 
diameter of the fly-wheel is 10 feet, also the fly-wheel has teeth 
on its rim and drives a pinion 3 feet in diameter. If the mean 
pressure on the crank-pin be 7 J tons, what is the mean driving 
pressure on the teeth of the pinion ? Ans. $ tons. 

13. Draw a sectional elevation of the working parts of a 
common force-pump. The leverage to the end of the handle is 
five times that to the plunger, and the area of the plunger is 5 
square inches ; what power at the end of the lever-handle will 
produce a pressure of 45 lbs. per square inch on the water 
within the barrel ? Ans. 45 lbs. 

14. Describe the construction of a vessel suitable for storing 
up a supply of water under pressure and intended for actuating 
hydraulic machinery. If the plunger of this vessel be 17 inches in 
diameter, what load will bring the pressure of the water to 700 
lbs. per square inch? Ans. 158,886 lbs., or 71 tons, 46 lbs. 

15. A rectangular batten of fir, 6 feet in length, 2 inches 
broad, and 3 inches deep, is supported at its ends and can 
sustain a weight of 1100 lbs. when hung at the centre. If the 
load were equally distributed instead of being hung at the 
centre, how much would the bar support ? Ans. 2200 lbs. 

16. In a model illustrating the action of an endless screw 
and worm-wheel, the handle which turns the screw is 10 inches 
long, the screw is double-threaded, and the worm-wheel has 24 
teeth. On the axis of the worm-wheel is a drum 4 inches in 
diameter, round which a cord is coiled. What weight hanging 
on the cord would be supported by 14 lbs. at the end of the 
lever-handle if there were no loss by friction ? Ans. 840 lbs. 

17. In a blowing engine of the overhead-beam construction 
the area of the steam piston is 2,712 square inches and the 
mean pressure of the steam is 30 lbs., while the area of the 
piston of the blowing cylinder is 16,272 square inches. The 
leverage of the working beam is as 15 on the steam side to 20 
on the opposite side ; what is the pressure of the air as it leaves 
Jhe blowing cylinder ? 

Ans. 3! Ybs. aY>cwe \\vax c& ^^. ataoas^Net^ 
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18. In a compound wheel and axle, where the weight hangs 
on a single movable pulley, the diameters of the two portions of 
the axle are 3 and 2 inches respectively, and the lever-handle 
which rotates the axle is 12 inches in length. If a power of 10 
lbs. be applied to the end of the lever-handle, what weight can 
be raised ? Ans. 480 lbs. 

19. In a fly-press there are two weights, each of 60 lbs., 
placed at the ends of an arm which drives the screw ; and the 
velocity of each weight at the instant of striking the blow is 16 
feet per second. The die at the end of the screw moves through 
~ inch in coming to rest ; what mean statical pressure does it 
exert on the metal subjected to the operation of stamping ? 

Taking £• = 32, Ans. 22,500 lbs. 

20. An engine is employed to drive a fan by means of pulleys 
and bands, the first driving-band passing over the fly-wheel of 
the engine. The train consists of (1) the fly-wheel A, (2) two 
pulleys B and c on one axis, (3) two other pulleys D and E on 
another axis, and (4) a pulley F, to the axis of which the fan is 
attached. The diameters of A, B, c, D, E, F are as 12, 3, 8, 2, 
5, 1 respectively, and A makes 20 revolutions per minute. How 
many revolutions does F make per minute ? Ans. 1600. 

Science Exam. 1878.— 1. If a cubic centimetre of water con • 
tained exactly a gramme of matter, what would be the quantity 
of matter — estimated in grammes — in a cubic foot of lead ; a 
linear foot being 30*45 centimetres, and the specific gravity of 
lead being 11*445. <dns. 323,130 grammes. 

2. State the rule for finding the centre of gravity of two 
heavy points ; and apply it to find the centre of gravity of two 
points weighing 4 and 5 ozs. respectively, placed 3 feet apart. 

Ans. 16 inches from the heavier body. 

3. Two forces of 10 units each have a resultant of 5 units; 
find by a construction the angle between the directions of the 
two forces. Ans. 151 . 

4. A thread 14 feet long is fastened to two points A and B 
which are in the same horizontal line and 10 feet apart ; a 
weight of 25 lbs. is tied to the thread at a point p so chosen 
that A P is 6 feet and therefore B P is 8 feet long ; the wev^A. 
being thus suspended, find, by means of •*. cw^Vc^c&ssa. <st 
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otherwise, what are the tensions of the parts (a p and B p) of 
the thread. Ans. 20 lbs., and 15 lbs. 

5. Two trains A and B, moving towards each other on 
parallel rails uniformly at the rate of 30 miles and 45 miles 
an hour respectively, are 5 miles apart at a given instant ; how 
far apart will they be at the end of 6 minutes from that instant ; 
and at what distances are they from the first position of A ? 

Ans. 2\ miles ; A is 3 miles, and b \ mile 

from a's first position. 

6. Weights of 3J and 4J oz. respectively hang by a string 
over a pulley, and one draws the other up ; in how many seconds 
from the beginning of the motion would they acquire a velocity 
of 6 feet a second? (g*=»32.) What circumstances, that would 
more or less affect the result, have you omitted in the calcu- 
lation? Ans. 3 seconds. 

7. A body whose mass is 10 lbs. is moving at the rate of 30 
feet a second ; what is its kinetic energy or accumulated work 
in foot-pounds ? Ans. 140$ foot-pounds. 

8. A body weighing 10 lbs. slides down an inclined plane 
whose height is 25 feet ; it reaches the foot of the plane with a 
velocity of 30 feet a second ; how many foot-pounds of energy 
have been expended during the motion on friction and other 
resistances ? Ans. 109I foot-pounds. 

9. A rectangular reservoir is full of water, its length and 
depth being respectively 10 feet and 5 feet ; a diagonal line is 
drawn along one of its vertical sides, dividing it into two 
triangles ; find the magnitude of the resultant of the fluid 
pressures on each of these triangles (a cubic foot of water may 
be taken to weigh 1,000 ozs.). 

Ans. The pressures are 2,604 J lbs., and 5,208 J lbs. 

10. The pressure of air in the receiver of an air-pump is 30 
inches ; after a few strokes its pressure is reduced to 27 inches ; 
what part of the original contents of the receiver has been 
withdrawn? Ans. 5^. 
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